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REMARKS 

This Amendment A is responsive to the first Office Action on 
the merits dated August 25, 2004. Applicants respectfully submit 
that claims 1, 2, 4, 5, 7-12, 14-19, 21-23, and 30 as set forth 
herein are in condition for allowance, and request allowance of 
claims 1, 2, 4, 5, 7-12, 14-19, 21-23, and 30 as set forth 
herein. 

The Status of the Claims 

Claims 1-24 have been substantively examined. Claims 25-29 
have been withdrawn by the Examiner in response to a previous 
restriction. 

Claims 1-24 stand rejected for certain deficiencies under 35 
U.S.C. § 112, 2^"^ paragraph. 

Claims 1-3, 19, 21, and 24 stand rejected under 35 U.S.C. § 
102(e) as anticipated by Ninomiya et al., U.S. 6,083,575 
(hereinafter "Ninomiya") or, in the alternative, these claims 
stand rejected under 35 U.S.C. § 103(a) as being unpatentable 
over Ninomiya. 

Claims 4-5, 18, and 22-23 stand rejected under 35 U.S.C. § 
103(a) as being unpatentable over Ninomiya. 

Claims 6-17 and 20 are indicated as containing potentially 
allowable subject matter. 

The references not found in the scanned USPTO file are 

supplied herewith 

Applicants include below a duplicate copy of the return 
postcard indicating receipt at the USPTO of the references on the 
June 7, 2002 IDS including 8 patent references, 4 foreign 
references, and 7 articles. Applicants include with this 
Amendment duplicate copies of the references and articles 
indicated in the Office Action as missing from the USPTO file, 
including: EP0568355, JP08179286, JP11153787, JP11237612, and the 
Kobayashi et al . , Nazarenko et al . , Corvazier et al., Jain et 
al., and Shimada articles. 
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The 35 U>S>C, § 112 deficiencies have been addressed 

Claim 1 has been amended to more clearly define the 
relationship between the applying of polarized light, the 
inducing of phase separation, and resultant phase separated and 
aligned structure. 

Claims 4-6 has been amended to clarify that this claim 
limits the applying operation of claim 1, and to clarify the 
geometric arrangement of the light source, polarizer, and 
substrate. 

Claims 7-13 have been amended to change "second substrate" 
to "substrate" in most places. These amendments obviate the 
ambiguity between the two substrates cited in the Office Action, 
and are also consistent with the specification. 

Claim 14 has been amended to clarify that the thermal 
process is part of the inducing of phase separation. 

Claim 16 has been amended to clarify that the epoxy and 
resin are components of the initial prepolymer. 

Claim 19 has been amended to specify liquid crystal 
material, and to change the "phase separation" processes to 
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"polymerization" processes. This amendment is supported in the 
original specification at least at page 8 lines 19-28. 

Claim 23 has been amended to depend from claim 22. 

It is believed that these amendments obviate the cited 35 
U.S.C. § 112, 2"** paragraph deficiencies. Accordingly, Applicants 
respectfully request that the rejections under 35 U.S.C. § 112, 
2"*^ paragraph be withdrawn. 

Withdrawn claims 25-29 are canceled herein 

In the interest of expediting prosecution, withdrawn claims 
25-29 are canceled herein. However, i^plicants reserve the right 
to prosecute these claims in a subsequent continuation, 
continuation-in-part, or divisional application. 

Claims 1, 2. 4^ 5, 7-12, 14-18 and 30 patentably distinguish 

over the cited references 

Claim 1 as set forth herein calls for a method for 
fabricating simultaneously a phase separated organic film with 
alignment. A mixture of liquid crystal, prepolymer and 
polarization- sensitive material is prepared and disposed on a 
substrate. A polarized light from a light source is applied to 
said mixture disposed on the substrate. Phase separation of said 
mixture is induced simultaneously during said applying step to 
form a separate layer of homogenously aligned liquid crystal 
material adjacent a separate and distinct layer of polymer and 
said polarization- sensitive material on said substrate. The 
inducing includes polymerizing the prepolymer to generate the 
polymer layer. The alignment of the phase separated liquid 
crystal layer is induced by alignment of the polymer and 
polarization- sensitive material layer caused by the 
simultaneously applying of the polarized light. 

Ninomiya does not disclose or fairly suggest phase 
separation induced simultaneously during applying of polarized 
light to form a separate layer of homogenously aligned liquid 
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crystal material adjacent a separate and distinct layer of 
polymer and polarization- sensitive material. 

Ninomiya relates to polymer dispersion type liquid crystals 
(PDLC) in which liquid crystals are dispersed in interstices of 
polymers of a three-dimensional structure. Ninomiya col. 1 lines 
7-15) . The PDLC forming method of Ninomiya produces a single 
layer of polymer with liquid crystals arranged in interstices of 
the polymer layer. In contrast, the method of claim 1 calls for 
forming a phase- separated composite organic film (PSCOF) 
including a layer of homogenously aligned liquid crystal material 
and a separate and distinct layer of polymer . 

As noted in the background of the present application (page 
2 lines 18-19) , the method for forming PSCOF is similar to that 
used to form PDLC. Both methods typically involve forming a 
prepolymer mixture and causing polymerization that leads to phase 
separation of the liquid crystal from the polymer. However , in 
PDLC, phase separation conditions lead to a single layer of 
polymer with interstitial liquid crystals, whereas in PSCOF the 
phase separation conditions lead to separate layers of liquid 
crystal material and polymer material . 

Claim 1 and the method of Ninomiya are similar in that both 
use polarized light to induce liquid crystal alignment during 
phase separation. However , the skilled artisan having Ninomiya at 
hand would have had no reasonable expectation of success in 
achieving alignment of a phase separated liquid crystal layer 
based on the alignment of interstitial liquid crystals disclosed 
in Ninomiya. Ninomiya 's interstitial liquid crystals are 
surrounded by polymer, providing extensive contact area between 
for the polymer to induce liquid crystal alignment. 

In contrast, there is much less contact area between the 
liquid crystal and polymer layers of claim 1. The reduced contact 
area would be expected to be substantially less effective in 
inducing homogenous alignment in the liquid crystal layer. 
Accordingly, the skilled artisan would be unlikely to be 
motivated by Ninomiya to attempt to achieve simultaneous liquid 
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crystal layer phase separation and alignment using polarized 
light, as called for in claim 1. 

For at least the above reasons, it is respectfully submitted 
that claims 1, 2, 4, 5, 7-12, 14-18, and 30 as set forth herein 
patentably distinguish over the cited references. Accordingly, 
Applicants ask for allowance of claims 1, 2, 4, 5, 7-12, 14-18, 
and 30 as set forth herein. 

Claims 19 and 21-23 patentably distincruish over the cited 

references 

Claim 19 as set forth herein calls for a method for 
fabricating a liquid crystal device with alignment properties. A 
first mixture includes at least a first polarization- sensitive 
agent and a prepolymer. A second mixture includes at least a 
second polarization- sensitive agent and a prepolymer. A liquid 
crystal material is mixed into either the first or second 
mixture. The first mixture is disposed on a substrate, and the 
second mixture is disposed over the first mixture. A first 
polymerization process is applied to the first mixture, and a 
second polymerization process is applied to the second mixture. 
The first and second polymerization processes are each selected 
from the group consisting of (i) applying polarized visible 
light, (ii) applying polarized ultraviolet light, (iii) applying 
thermal induction, (iv) applying chemical induction, and (v) 
applying solvent induction. The polymerization processes cause 
the liquid crystal material to phase separate into a separate and 
distinct phase- separated liquid crystal layer. At least one of 
the first and second polymerization processes apply polarized 
visible or ultraviolet light that imparts orientational 
alignments to said liquid crystal layer. 

Ninomiya does not disclose or fairly suggest polymerization 
processes that cause the liquid crystal layer to phase separate 
into a separate and distinct p hase- separated liquid crystal 
layer . Ninomiya also does not disclose or fairly suggest at least 
one of first and second polymerization processes applying 
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polarized visible or ultraviolet light that imparts orientational 
alignments to said liquid crystal layer . 

Moreover, the use of polarized light during phase separation 
in Ninomiya to induce alignment of liquid crystals positioned at 
interstices of a polymer layer does not make obvious the method 
of claim 19 which calls for aligning a separate and distinct 
liquid crystal layer during a polymerization process that 
includes applying polarized light. One skilled in the art would 
have no reasonable expectation, based on alignment of the 
interstitial liquid crystals in Ninomiya, that a separate and 
distinct phase- separated liquid crystal layer could be aligned by 
polarized light applied in phase separation. 
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CONCLUSION 

Applicants respectfully submit that claims 1, 2, 4, 5, 7-12, 
14-19, 21-23, and 30 as set forth herein are in condition for 
allowance, and therefore request allowance of claims 1, 2, 4, 5, 
7-12, 14-19, 21-23, and 30 as set forth herein. 



Respectfully submitted, 

FAY, SHARPE, FAGAN, 
MINNICH, & McKEE, LLP 




Robert M. Sieg 
Reg. No. 54,446 
1100 Superior Avenue 
Seventh Floor 

Cleveland, Ohio 44114-2518 
(216) 861-5582 
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A liquid crystal display device of the present invention Includes : two substrates facing each other, at 
least one of the substrates being transparent; electrodes disposed on inside surfaces of the respective 
substrates; a display medium which is provided between the two substrates and formed of polymer 
walls (17) containing a polymer as their main component and liquid crystal regions (16) containing 
liquid crystal as their main component ; and a plurality of pixels, wherein the liquid crystal regions are 
partitioned by the polymer walls and are close to the substrates, portions of the liquid crystal regions 
dose to the substrates being in parallel with the substrates, an Interval a between the center of one 
liquid crystal region and the center of an adjacent liquid crystal region in a direction along the surface of 
the substrate is within a width of one pbcei along the direction, and 80% or more of the intervals a satisfy 
the relationship : 3b/2 > a > b/2, where b Is an average of the intervals a. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

6 The present invention relates to a liquid crystal display device in which a display medium having liquid crys- 

tal regions partitioned by polymer walls formed of a polymer is sandwiched between two facing substrates, 
and a method for producing the same. 

2. Description of the Related Art 

10 

There are various l<inds of display modes for a liquid crystal display device. For example, as liquid crystal 
display devices taking advantage of electro-optic effects, liquid crystal display devices of a twisted nematic 
(TN) mode, a super twisted nematic (STN) mode, etc. using nematic liquid crystal molecules have been put 
to practical use. In addition, a liquid crystal display device using ferroelectric liquid crystal (FLC) has been pro- 
fs posed. These liquid crystal display devices require polarizing plates and an orientation treatment. 

Examples of liquid crystal display devices taking advantage of light scattering of liquid crystal, requiring 
no polarizing plates include a liquid crystal display device of a dynamic scattering (DS) mode or a phase change 
(PC) mode. 

In recent years, a liquid crystal display device requiring no polarizing plates or orientation treatment; i.e., 
20 a liquid crystal display device taking advantage of the birefringence of liquid crystal and electrically regulating 
a transparent state and an opaque state of the device has been proposed. According to the system of this type 
of liquid crystal display device, a display is performed as follows: 

When liquid crystal molecules are aligned by the application of a voltage, the ordinary refractive index of 
the liquid crystal molecules and the refractive index of a medium for supporting the liquid crystal molecules, 
25 such as a polymer coincide with each other, whereby a transparent state is obtained. On the other hand, when 
no voltage is applied to the device, light scattering is caused due to the turbulence of the orientation of the 
liquid crystal molecules. In this way, a display is performed. 

As a method for producing a light scattering type liquid crystal display device of this system, the following 
five methods have been proposed. 
30 (1) A display medium is obtained by making liquid crystal contained in polymer capsules (Japanese Na- 
tional Publication No. 58-501631). 

(2) Alight-curable or thermosetting resin and liquid crystal are mixed; and only the resin is deposited and 
cured. Then, liquid crystal regions in a spherical shape are formed in the cured resin (Japanese National 
Publication No. 61-502128). 

35 (3) The diameter of spherical liquid crystal regions is regulated (Japanese Laid-Open Patent Publication 
No. 3-72317). 

(4) A polymer porous film is Impregnated with liquid crystal (Japanese Laid-Open Patent Publication No. 
3-59515). 

(5) Beads formed of a polymer which become a source for light scattering are floated in liquid crystal pro- 
40 vided between two transparent electrodes disposed apart from each other (Japanese Laid-Open Patent 

Publication No. 3-46621). 

However, in the case of method (1), since the liquid crystal contained in the polymer capsule is in the form 
of an individual sphere, a drive voltage for changing the orientation of the liquid crystal molecules is varied 
depending upon each liquid crystal region. As a result, a drive voltage for simultaneously operating all of the 
45 liquid crystal regions is increased, narrowing the application range of the liquid crystal display device. 

In the case of method (2). it is difficult to precisely regulate each diameter of the liquid crystal regions in 
a spherical shape although a phase separation method Is used. 

In the case of method (3), it is difficult to precisely align the liquid crystal regions in a round shape in a 
planar manner although a phase separation method is used. 
50 In the case of method (4). there are advantages in that appropriate resin materials and liquid crystal can 

be selected over a wide range, since a phase separation is not utilized when the liquid crystal regions are 
formed; and polymer porous films can sufficiently be purified. However, there are disadvantages In that each 
diameter of the liquid crystal regions in a round shape cannot sufficiently be regulated; and the liquid crystal 
regions cannot precisely be positioned in a direction along the surface of the substrate. 
56 In the case of method (5). although the intensity of light scattering is large, it is difficult to uniformly dis- 
perse the beads and to cause light scattering at almost the same level in each pixel, resulting in the likelihood 
of an uneven display. 

As described above, in a polymer dispersed liquid crystal display device using polymer type liquid crystal. 
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in which liquid crystal regions are dispersed, It has been difficult to form the liquid crystal display regions in a 
uniform manner and to precisely regulate the position of the liquid crystal regions in a direction along the sur- 
face of the substrate. Thus, the liquid crystal regions have a variety of different diameters and the distribution 

5 thereof is not uniform. In addition, because of the difficulty in precisely positioning the liquid crystal regions, 
the drive voltage for each liquid crystal region is different. This results In a threshold value characteristic curve 
which is not steep and the drive voltage becomes relatively high. Moreover, a number of small liquid crystal 
regions having low light scattering ability are present, so that contrast in the resulting display is relatively low. 
Since the shape of the liquid crystal regions Is not uniform and it Is difficult to regulate the position of the 

10 liquid crystal regions in a direction along the surface of the substrate, a large screen cannot be obtained under 
a high precision condition. Moreover, In the case where a simple matrix drive method, in which signals are 
turned on/off to obtain an average signal and a liquid crystal display device is driven by the average signal, is 
used for the polymer dispersed liquid crystal display device, a duty ratio (i.e.. a ratio of time during which each 
signal is turned on) cannot be made large. 

15 Furthermore, in the polymer dispersed liquid crystal display device, It Is difficult to perform orientation 
treatment. The reason for this Is described as follows: 

An example of an orientation treatment method is proposed in Japanese Laid-Open Patent Publication No. 
3-52843 and "Liquid crystal". Vol. 5, No. 5, p. 1477. (1989). According to this method, a magnetic field, an elec- 
tric field, etc. are applied to a liquid crystal display device during a production stage while a polymer Is formed 

20 by the polymerization. However, in this method, since the surface of the polymer is not directly subjected to 
an orientation treatment, the orientation regulating ability is weak. In addition, liquid crystal molecules are 
aligned only In one direction, so that this method cannot be applied to modes such as a TN mode and an STN 
mode, in which liquid crystal molecules should be aligned In different directions to each other along the facing 
sides of two substrates sandwiching the liquid crystal. 

25 Another example of an orientation treatment method is described In "Extended Abstracts", p. 320 (The 17th 
Liquid Crystal Forum). According to this method, liquid crystal molecules are indirectly oriented via polymer 
walls formed on substrates which are subjected to an orientation treatment. However, in this method. It is Im- 
possible to prevent a polymer from remaining on the surface of an orientation film on the pixel electrodes, which 
makes it difficult to directly align liquid crystal molecules and remarkably decreases an orientation regulating 

30 ability in the same way as in the above-mentioned method. This causes serious practical problems in the use 
of a liquid crystal display device obtained by using this method. 

Moreover, as described above, In a liquid crystal display device which uses ferroelectric liquid crystal, re- 
quiring polarizing plates and an orientation treatment, a smectic (SmC*) phase is utilized for the purpose of 
causing spontaneous polarization. The regularity of this phase structure is closer to that of crystal, compared 

35 with that of a nematic phase, so that the smectic phase is weak against a physical shock. In order to solve 
this problem, it is considered that a physical shock Is alleviated by dispersing ferroelectric liquid crystal in a 
polymer. However, this method is not put to practical use since it Is difficult to perform an orientation treatment 
in the polymer. 

Japanese Laid-Open Patent Publication Nos, 63-264721 and 264722 propose a method for aligning fer- 
40 roelectric liquid crystal molecules in a polymer. According to this method, a polymer in which ferroelectric crys- 
tal is dispersed is formed on a film and is subjected to uniaxial stretching, whereby the ferroelectric liquid crystal 
molecules are aligned. However, in this method, since a number of interfaces between liquid crystal regions 
and the polymer walls are present in one pixel, linearly polarized light which is incident upon a liquid crystal 
display device Is scattered and part of the light is depolarized. As a result, the opaque level of the liquid crystal 
45 display device is decreased, which causes deteriorated contrast. In the same way, this problem is caused in 
other display modes requiring polarizing plates, such as the TN mode, the STN mode, and the electrically con- 
trolled birefringence (ECB) mode. 

Japanese Laid-Open Patent Publication Nos. 59-201021 , 61-205920, and 3-192334 disclose that In order 
to provide shock resistance of an FLC, polymer walls are formed by photolithography on a substrate material 
50 subjected to an orientation treatment to form a cell, and then liquid crystal Is injected Into the cell. However, 
according to this method, independent liquid crystal areas cannot be formed and cell thickness cannot be regu- 
lated with precision. 

As described above, it is difficult to conduct an orientation treatment simultaneously with dispersing a liquid 
crystal material in a polymer. Even though the orientation treatment can be conducted, contrast is remarkably 
55 decreased due to the depolarization caused by light scattered on the interfaces between the liquid crystal and 
the polymer. The reason why it is difficult to conduct the orientation treatment is that the polymer enters be- 
tween the substrate and the liquid crystal when the liquid crystal is dispersed in the polymer. The light scat- 
tering caused on the interfaces between the liquid crystal and the polymer can be prevented by decreasing 
the interfaces between the liquid crystal In the pixels and the polymer as much as possible and by making at 
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least one liquid crystal region present In one pixel (i.e.. regulating the position and size of the liquid crystal 
regions). However, at the present time, the liquid crystal regions are naturally formed (i.e., the liquid crystal 
regions are formed under the condition that the position and size thereof are not regulated). Moreover, a liquid 

5 crystal display device using FLC has the problem of low shock resistance as described above. 

The liquid crystal display devices obtained by the above-mentioned f ive methods (1) to (5) are light scat- 
tering type devices, and thus, these devices cannot be applied to the non light scattering type liquid crystal 
display devices of a TN mode, an STN mode, an ECB mode, etc. 

In addition, for example. Japanese Laid-Open Patent Publication No. 2-153318 discloses that display 

10 areas of a liquid crystal display device are limited in a polymer by using a photomask. According to this method, 
transparent portions cured by light irradiation and uncured portions covered with the photomask are divided 
while a voltage is applied between electrodes. Then, the photomask Is removed, and the uncured portions are 
cured to form scattering portions. The display device thus obtained is manufactured in view of a display of an 
Independent pattern. When an electrical field Is applied to the device, the light scattering portions become 

15 transparent, whereby the entire cell becomes transparent However. In this method, the shape of liquid crystal 
Is not regulated by the photomask. 

Japanese Laid-Open Patent Publication No. 59-226322 discloses that a mbcture containing a polymer ma- 
terial and a liquid crystal material is dissolved in a solvent, and the solvent is removed from the obtained sol- 
ution, whereby a phase separation Is conducted between the polymer and the liquid crystal. 

20 Furthermore, Japanese Laid-Open Patent Publication No. 2-116824 discloses a method for fixing liquid 
crystal regions on polymer walls in a liquid crystal display device. According to this method, a liquid crystal 
material and a polymerizable liquid crystalline compound having a liquid crystalline functional group attached 
to its side chain are dissolved in a solvent Then, the solution thus obtained was coated onto the surface of a 
substrate. After that the solvent is removed, whereby a phase separation is conducted between the liquid crys- 

25 tal material and the liquid crystalline polymer to fix the liquid crystal regions on the polymer walls. 

In the case of the respective above-mentioned suggested methods, unreacted monomers or oligomers 
remain In the liquid crystal regions of the polymer dispersed liquid crystal display device. Due to these remain- 
ing substances, the viscosity of the liquid crystal is high. As a result the response speed is low. In order to 
overcome this problem, Japanese Laid-Open Patent Publication Nos. 4-14015 and 4-188422 disclose the use 

30 of a resin material of a fluorine type for the purpose of decreasing the drive voltage and improving the electrical 
holding ratio. However, when a liquid crystal display device is manufactured by using a resin material of a flu- 
orine type, the response speed Xr under and applied voltage is increased due to the presence of the fluorine 
atoms on the interfaces between the liquid crystal and the resin. In contrast the response speed Xd under no 
applied voltage is decreased, since the driving force (interaction (orientation regulating ability) between the 

35 polymer material and the liquid crystal material) for making the liquid crystal return to the original state Is weak- 
ened. 

Examples of a material generally used as a liquid crystal material include cyanobiphenyl type materials 
and cyanopyrimidine type materials having a CN group in its molecule. Those materials are disclosed In Jap- 
anese Laid-open Patent Publication Nos. 2-28284, 2-75688, 2-85822. and 2-272422 to 2-272424. However, 

40 this ON group Is polarized, has strong reactivity, and facilitates the introduction of the impurities of the entire 
system into the liquid crystal material. Because of this, there is a problem that in the manufacturing process 
for a polymer dispersed liquid crystal display device which has a number of chances to come into contact with 
other compounds, the liquid crystal display device thus obtained cannot maintain a high electrical holding ratio 
(90% or more). Moreover, in the case where the polymerizable material contained in a mixture of the liquid 

45 crystal material and the polymerizable material is cured to cause a phase separation between the liquid crystal 
and the polymer, reactive sites of the liquid crystal and the polymerizable material coexist In the mixture, which 
damages the liquid crystal to remarkably decrease the electrical holding ratio. 

Furthermore, in a method for causing a phase separation between the liquid crystal and the photosetting 
resin by curing the photosetting resin, it is easy to regulate the size of liquid crystal regions; however, an un- 

50 reacted monomer remains in a display medium containing the liquid crystal and the resin, and the strength of 
the polymer walls formed of the resin is not sufficient Thus, electro-optic characteristics of the obtained cell 
is varied due to thermal change. In addition, there is a problem in that the adhesion between the substrate 
and the polymer dispersed liquid crystal material Is low, so that the polymer dispersed liquid crystal material 
is partially peeled off firom the substrate due to the contraction of the resin. 

55 

SUMMARY OF THE INVENTION 

A liquid crystal display device of the present invention includes: 
two substrates facing each other, at least one of the substrates being transparent; 
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electrodes disposed on Inside surfaces of the respective substrates; 

a display medium which is provided between the two substrates and formed of polymer walls and liquid 
crystal regions partitioned by the polymer walls; and 
5 a plurality of pb(eis, 

wherein an interval a between a center of one liquid crystal region and a center of an adjacent liquid 
crystal region in a direction along a surface of the substrate is within a width of one pixel along the direction, 
and 80% or more of the intervals a satisfy the relationship: 3b/2 > a > b/2, where b is an average of the intervals 
a. 

10 In another aspect of the present invention, a method for manufacturing a liquid crystal display device hav- 
ing a plurality of pixels, includes the steps of: 

providing a mixture containing a photopolymerizable compound and a liquid crystal material between a 
pair of substrates, two substrates facing each other, at least one of the substrates being transparent, electrodes 
being disposed on Inside surfaces of the respective substrates; and 
15 irradiating light to the mixture with a light intensity distribution in which light intensity of at least one por- 

tion of each pixel is 90% or less of a maximum illuminance in a circular area which corresponds to 10 times 
the pixel area and whose center Is situated in a center of the pixel. 

In one embodiment, a photomask having a pattern with regularity is placed on the transparent substrate, 
and light is irradiated through the photomask to the mixture provided between the substrates. 
20 In another embodiment, the pattern with regularity Is formed on the photomask, and the pattern covers 
30% or more of at least each pixel 

In another embodiment, the pattern with regularity is formed on the photomask, a minimum repeating unit 
of the pattern has a size within a circle having a diameter in the range of 1 \xm to 50 ^m, and an interval between 
a center of one unit and a center of an adjacent unit is in the range of 1 ^lm to 50 \xm, 
25 In another embodiment, the photomask having a pattern with regularity is placed inside one of the sub- 
strates, and light is irradiated through the photomask to the mixture provided between the substrates. 

In another embodiment, the pattern with regularity is formed on the photomask, and the pattern covers 
30% or more of at least each pixel. 

In another embodiment, the pattern with regularity is formed on the photomask, a minimum repeating unit 
30 of the pattern has a size within a circle having a diameter in the range of 1 \im to 50 ^im. and an Interval between 
a center of one unit and a center of an adjacent unit is in the range of 1 ^m to 50 nm. 
In another aspect of the present invention, a liquid crystal display device Includes: 
two substrates facing each other, at least one of the substrates being transparent, electrodes disposed 
on inside surfaces of the respective substrates; and 
35 a display medium which is provided between the two substrates and formed of polymer walls containing 

a polymer as their main component and liquid crystal regions containing liquid crystal as their main component; 

wherein the liquid crystal regions are partitioned by the polymer walls and are close to the substrates, 
portions of the liquid crystal regions close to the substrates being In parallel with the substrates. 

In one embodiment, an orientation direction of a plurality of liquid crystal molecules contained in each of 
40 the liquid crystal regions Is concentric along the polymer walls within a plane which is in parallel with the sub- 
strates. 

In another embodiment, each of the liquid crystal regions has a plurality of liquid crystal domains and an 
orientation direction of each of the liquid crystal domains is concentric along the polymer walls within a plane 
which is in parallel with the substrates. 

45 In another embodiment, each of the liquid crystal regions has an inside liquid crystal domain situated in 

a center thereof, a polymer region surrounding an outside of the inside liquid crystal domain, and a plurality 
of outside liquid crystal domains surrounding an outside of the polymer region; and the respective outside liquid 
crystal domains are aligned In a radial manner within a plane which Is in parallel with the substrates. 

In another embodiment, the liquid crystal regions have a plurality of liquid crystal domains, and an orien- 

50 tation direction of each of the liquid crystal domains is different within a plane which is in parallel with the sub- 
strates. 

In another embodiment, the liquid crystal regions have a polymer region positioned in the center thereof 
and a plurality of liquid crystal domains surrounding an outside of the polymer regton, and the respective liquid 
crystal domains are aligned in a radial manner within a plane which is in parallel with the substrates. 
55 In another embodiment, the liquid crystal display device of the present Invention includes a plurality of 

pixels, and the liquid crystal regions are provided in at least one pixel. 

In another embodiment, at least one liquid crystal region contained in the pixel has a size of 30% or more 
of the pixel size. 

In another embodiment, an orientation direction of a plurality of liquid crystal molecules contained in each 
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of the liquid crystal regions is concentric along the polymer walls within a plane which is in parallel with the 
substrates. 

In another embodiment, each of the liquid crystal regions has a plurality of liquid crystal domains, and an 
5 orientation direction of each of the liquid crystal domains is concentric along the polymer walls within a plane 
which is in parallel with the substrates. 

In another embodiment, the liquid crystal regions have an inside liquid crystal domain positioned in a center 
thereof, a polymer region surrounding an outside of the inside liquid crystal domain, and a plurality of outside 
liquid crystal domains surrounding an outside of the polymer region; and the respective outside liquid crystal 
10 domains are aligned in a radial manner within a plane which is in parallel with the substrates. 

In another embodiment, the liquid crystal regions have a plurality of liquid crystal domains, and an orien- 
tation direction of each of the liquid crystal domains is different within a plane which is in parallel with the sub- 
strates. 

In another embodiment, the liquid crystal regions have a polymer region positioned In a center thereof and 
15 a plurality of liquid crystal domains surrounding an outside of the polymer region; and the respective liquid 
crystal domains are aligned in a radial manner within a plane which is in parallel with the substrates. 

In another embodiment, a liquid crystal display device of the present invention includes a plurality of pixels, 
and two or more of the liquid crystal regions are entirely or partially provided in one pixel. 
In another embodiment, the pixel has a longitudinal side of 200 \m or more. 
20 In another embodiment, an orientation direction of a plurality of liquid crystal molecules contained in the 
liquid crystal regions are concentric along the polymer walls within a plane which is In parallel with the sub- 
strates. 

In another embodiment, each of the liquid crystal regions has a plurality of liquid crystal domains, and an 
orientation direction of each of the liquid crystal domains is concentric along the polymer walls within a plane 
25 which Is In parallel with the substrates. 

In another embodiment, each of the liquid crystal domains has an inside liquid crystal domain positioned 
in a center thereof, a polymer region surrounding an outside of the inside liquid crystal domain, and a plurality 
of liquid crystal domains surrounding an outside of the polymer region; and the respective outside liquid crystal 
domains are aligned in a radial manner within a plane which is in parallel with the substrates. 
30 In another embodiment, the liquid crystal region has a plurality of liquid crystal domains, and an orientation 
direction of each of the liquid crystal domains is different within a plane which Is In parallel with the substrates. 

In another embodiment, each of the liquid crystal regions has a polymer region positioned In a center there- 
of and a plurality of liquid crystal domains surrounding an outside of the polymer region, and the respective 
liquid crystal domains are aligned in a radial manner within a plane which is in parallel with the substrates. 
35 In another embodiment, a plurality of liquid crystal molecules contained In each of the liquid crystal regions 
are aligned in a helical manner along a helical axis which is vertical with respect to the substrates. 

In another embodiment, the plurality of liquid crystal molecules contained in each of the liquid crystal re- 
gions are provided with a helical pitch of 15 )im to 100 ^m. 

In another embodiment, d x A n Is In the range of 0.4 ^un to 1 .1 nm; and a distance between the substrates 
40 is in the range of 3 jim to 1 0 nm. where d is a thickness between horizontal portions In each of the liquid crystal 
regions and A n is anisotropy of refractive index thereof. 

In another embodiment, the display medium has a structure in which a liquid crystalline compound is fixed 
in the vicinity of an interface between the liquid crystal region and the polymer wall. 

In another embodiment, anisotropy of dielectric constant Ae^of the liquid crystal region and anisotropy of 
45 dielectric constant Asp of the liquid crystalline compound have a relationship of Ael x Aep < 0. 

In another embodiment, the liquid crystalline compound has at least one of a fluorine atom and a chlorine 
atom and the liquid crystal region is formed from a liquid crystal material having at least one of fluorine atom 
and a chlorine atom In Its molecule. 

In another embodiment, the liquid crystalline compound has an optically active group in its molecule and 
50 the liquid crystal region is formed from ferroelectric liquid crystal. 

In another embodiment, the polymer walls are formed in a liquid crystal state. 
In another embodiment, the liquid crystal regions and the polymer walls contain a dichroic dye. 
In another embodiment, the polymer walls are formed In a liquid crystal state, and the polymer walls and 
the liquid crystal regions are in the same orientation when no voltage is applied to the display medium. 
55 In another embodiment, at least one of the substrates has an orientation film in contact with the display 

medium, and the polymer walls and the liquid crystal regions are in the same orientation, based on the orien- 
tation film. 

In another embodiment, the liquid crystal regions and the polymer walls contain a dichroic dye. 

In another embodiment, anisotropy of dielectric constant Ael of the liquid crystal region and anisotropy of 
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dielectric constant Aep of the liquid crystalline compound have a relationship of Aeu x Aep < 0. 

In another embodiment, a remaining monomer ratio obtained from Infrared absorption caused by a double 
bond between carbons in the polymer wail and Infrared absorption caused by a carbonyl group of an ester In 
5 the polymer wail is 1 0% or less. 

In another embodiment, a light-intercepting mask Is placed on one of the substrates so that light- 
intercepting portions of the mask cover portions where the substrate and the polymer walls are In contact with 
each other. 

In another embodiment, the light-intercepting mask is placed so that the light-intercepting portions thereof 
10 cover 50% or more of the respective portions where the substrate and the polymer wails are in contact with 
each other. 

In another embodiment, orientation films are respectively formed on the electrodes mounted oh the sub- 
strates. 

In another embodiment, the orientation films are uniaxialiy aligned by an orientation treatment. 
15 In another embodiment, at least one of the orientation films contain a photopolymerization initiator. 
In another embodiment, a polarizing plate is provided outside of at least one of the substrates. 
In another aspect of the present invention, a method for manufacturing a liquid crystal display device hav- 
ing a plurality of pixels, includes the steps of: 

providing a mixture containing a photopolymerlzable compound and a liquid crystal material between a 
20 pair of substrates, two substrates facing each other, at least one of the substrates being transparent, and elec- 
trodes being disposed on inside surfaces of the respective substrates, thereby forming a ceil; and 

irradiating the mbcture with light under the condition that intensity of light is reduced in predetermined 
portions of the mixture, thereby forming a display medium between the substrates, the display medium having 
polymer walls containing a polymer as their main component and liquid crystal regions containing liquid crystal 
25 as their main component. 

In one embodiment, the predetermined portions correspond to at least one pixel, whereby the liquid crystal 
regions are provided in at least one pixel. 

In another embodiment, an area of each of the predetermined portions corresponds to 30% or more of 
each pixel area, whereby at least one liquid crystal region contained in the pixel is made 30% or more of the 
30 pixel area. 

In another embodiment, Intensity of light is reduced by using a photomask, and the photomask is placed 
on the side of the display medium of one of the substrates. 

In another embodiment, the mixture is irradiated with light through a photomask, the photomask having 
a plurality of masking portions for forming the liquid crystal regions and each of the masking portion having 
35 at least one light transmission hole at least In a center thereof, whereby liquid crystal domains are formed in 
a radial manner in each of the liquid crystal regions. 

in another embodiment, the method for manufacturing a liquid crystal display device of the present inven- 
tion uses a photomask having masking portions for forming the liquid crystal regions, each of the masking por- 
tions having a light transmission hole in a center thereof and light transmission silts disposed in a radial manner 
40 around the transmission hole. 

In another embodiment, the mixture is irradiated with light while alternating a light-Irradiating period and 
a non light-irradiating period. 

In another embodiment, the mixture further contains a compound having effects for suppressing photo- 
polymerization. 

45 In another embodiment, the display medium having walls containing a polymer as their main component 
and liquid crystal regions containing liquid crystal as their main component is formed between the substrates 
by irradiating light to all of the portions or part thereof excluding the pixels. 

In another embodiment, light which Is Irradiated to all of the portions or part thereof excluding the pixels 
is linear light. 

50 In another embodiment, light irradiation to all of the portions or part thereof excluding the pixels is con- 

ducted while spot light in a dot shape is moved. 

In another embodiment, intensity of light is reduced by using an insulating film formed on the electrode of 
one of the substrates, and the display medium having walls containing a polymer as its main component and 
liquid crystal regions containing liquid crystal as its main component is formed between the substrates by ir- 
55 radiating light to the mixture from the side of the substrate on which the insulating film is formed. 

In another embodiment, the step of forming a cell Is conducted by attaching the two substrates after pro- 
viding the mixture on one of the substrates. 

In another embodiment, polarizing plates are formed on external surfaces of the two substrates. 

In another aspect of the present Invention, a method for manufacturing a liquid crystal display device hav- 

7 



EP0 568 355 A2 



ing a plurality of pixels, includes the steps of: 

forming an orientation film containing a photo polymerization Initiator on at least one of a pair of sub- 
strates, two substrates facing each other, at least one of the substrates being transparent, and electrodes being 
5 disposed on inside surfaces of the respective substrates; 

subjecting the substrate on which the orientation film Is formed to a rubbing treatment in one direction; 
providing a mixture containing a photopolymerizable compound and a liquid crystal material between 
the pair of substrates after the rubbing treatment; and 

forming a display medium having polymer walls containing a polymer as their main component and liquid 
10 crystal regions containing liquid crystal as their main component by curing the photopolymerizable compound. 
In one embodiment, the photopolymerizable compound contained in the mixture contains a liquid crystal- 
line compound having at least one polymerizabie functional group in Its molecule. 

In another embodiment, a compound having a polymerizabie functional group, at least one of a fluorine 
atom and a chlorine atom In its molecule is used as the liquid crystalline compound, and a liquid crystal material 
15 having at least one of a fluorine and a chlorine atom in its molecule is used for the liquid crystal regions. 

In another embodiment, a compound having a polymerizabie functional group and an optically active group 
in Its molecule is used as the liquid crystalline compound, and ferroelectric liquid crystal is used for the liquid 
crystal regions. 

In another embodiment, UV-rays are Irradiated to the mixture so that portions where the liquid crystal re- 
20 gions are to be formed become weak light-irradiated regions, thereby optically polymerizing the photopoly- 
merizable compound. 

In another embodiment, weak light-irradiated regions are formed by using a photomask, and the photo- 
mask is placed on the side of the display medium of one of the substrates. 

In another embodiment, the step of forming a cell is conducted by attaching the two substrates after pro- 
25 viding the mixture on one of the substrates. 

In another embodiment, polarizing plates are formed on external surfaces of the two substrates. 
In another aspect of the present invention, a method for manufacturing a liquid crystal display device hav- 
ing a plurality of pixels, Includes the steps of: 

forming a thin film pattern containing a photopolymerization initiator on one surface of at least one of 
30 a pair of substrates, the substrates respectively having electrodes and at least one of the substrates being 
transparent; 

providing a mbcture containing a polymerizabie compound and a liquid crystal material between the pair 
of substrates, at least one of the substrates having the thin film pattern, thereby forming a ceil; and 

forming a display medium between the substrates by curing the polymerizabie compound, the display 
35 medium having polymer walls containing a polymer as their main component and liquid crystal regions con- 
taining liquid crystal as their main component. 

In one embodiment, the polymerization initiator is a photopolymerization initiator, the polymerizabie com- 
pound is a photopolymerizable compound, a photomask allowing 50% or more of the thin film pattern to be 
exposed is placed outside of one of the substrates, and light is irradiated to the photopolymerizable initiator 
40 and the photopolymerizable compound through the photomask to cure the photopolymerizable compound. 

In another embodiment, the photopolymerizable compound contained in the mixture contains a liquid crys- 
talline compound having at least one kind of polymerizabie functional group at its molecule. 

In another embodiment, a compound having a polymerizabie functfonal group, and at least one of a fluorine 
atom and a chlorine atom in its molecule is used as the liquid crystalline compound; and a liquid crystal material 
45 having at least one of a fluorine atom and a chlorine atom in Its molecule is used for the liquid crystal regions. 
In another embodiment, a compound having a polymerizabie functional group and an optically active group 
in its molecule is used as the liquid crystalline compound and ferroelectric liquid crystal is used for the liquid 
crystal regions. 

In another embodiment, UV-rays are irradiated to the mixture so that portions where the liquid crystal re- 
50 ' gions are to be formed become weak light- irradiated regions, thereby optically polymerizing the polymerizabie 
compound. 

In another embodiment, the polymerization initiator is a heat polymerization initiator, the polymerizabie 
compound is a heat polymerizabie compound, and the heat polymerization Initiator and the mixture are heated 
to cure the heat polymerizabie compound. 
55 In another embodiment, the step of forming a cell is conducted by attaching the two substrates after pro- 

viding the mixture on one of the substrates. 

In another embodiment, polarizing plates are formed on external surfaces of the two substrates. 

In another aspect of the present Invention, a method for manufacturing a liquid crystal display device hav- 
ing a plurality of pixels, includes the steps of: 
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providing a mixture between a pair of substrates facing each other, thereby forming a cell, at least one 
of the substrates being transparent, electrodes being disposed on Inside surfaces on the respective substrates, 
the mixture containing a liquid crystal material, a polymerizable liquid crystalline material having a liquid crys- 
5 talline functional group in its molecule, a polymerizable compound, and a polymerization initiator, anisotropy 
of dielectric constant Asl of the liquid crystal material and anisotropy of dielectric constant Asp of the polymer- 
izable liquid crystalline material having a relationship of Ael x Asp < 0, and 

forming a display medium between the substrates by polymerizing the polymerizable compound, the 
display medium having polymer walls containing a polymer as their main component and liquid crystal regions 
10 containing liquid crystal as their main component, providing the liquid crystalline functional groups in the liquid 
crystal regions to fix a liquid crystalline polymer on the polymer walls. 

In one embodiment, the polymerizable compound is a photopolymerizable compound, the polymerization 
initiator is a photopolymerization Initiator, and the polymerizable compound is optically polymerized. 

In another embodiment, UV-rays are irradiated to the mixture so that portions where the liquid crystal re- 
15 gions are to be formed become weak light-irradiated regions, thereby optically polymerizing the mixture. 

In another embodiment, the weak light- irradiated regions are formed by using a photomask, and the pho- 
tomask Is placed on the side of the display medium of one of the substrates. 

In another embodiment, the polymerizable compound is a heat polymerizable compound, the polymeriza- 
tion initiator Is a heat polymerization Initiator, and the polymerizable compound is polymerized by heating. 
20 In anther embodiment, a compound having at least one of a fluorine atom and a chlorine atom in its mol- 
ecule Is used as the liquid crystal material and the polymerizable liquid crystalline material. 

In another embodiment, the step of forming a cell is conducted by attaching the two substrates after pro- 
viding the mixture on one of the substrates. 

In another embodiment, the step of forming a cell includes the steps of: 
25 coating the mixture onto one of the substrates, the mixture further containing a solvent capable of ho- 

mogeneously dissolving the liquid crystal material and the polymerizable liquid crystalline material; 

removing the solvent from the mbrture coated onto one of the substrates by evaporation to provide the 
liquid crystalline functional groups in the liquid crystal regions, thereby f being a liquid crystalline compound on 
the polymer walls; and 
30 placing the other substrate on the substrate on which the mixture Is coated. 

In another embodiment, polarizing plates are formed on external surfaces of the two substrates. 
In another aspect of the present Invention, a method for manufacturing a liquid crystal display device hav- 
ing a plurality of pixels, includes the steps of: 

providing a mixture between a pair of substrates facing each other, thereby forming a cell, at least one 
35 of the substrates being transparent, electrodes being disposed on inside surfaces of the respective substrates, 
the mixture containing a liquid crystal material, a photopolymerizable compound, photopolymerization Initiator, 
and a radical generating agent; 

irradiating light to the mixture to cause a phase separation, thereby obtaining a state in which liquid crys- 
tal regions are dispersed In the polymer walls; and 
40 thermally decomposing the radical generating agent by heating the display medium. 

In another embodiment. UV-rays are irradiated to the mixture so that portions where the liquid crystal re- 
gions are to be formed become weak light-irradiated regions, thereby optically polymerizing the polymerizable 
compound. 

In another embodiment, the weak light-irradiated regions are formed by a photomask, and the photomask 
45 is placed on the side of the display medium of one of the substrates. 

In another embodiment, a liquid crystal material of at least one of a fluorine type and chlorine type is used 
as the liquid crystal material. 

In another embodiment, the photopolymerizable compound contains a photopolymerizable liquid crystal 

compound. 

50 In another embodiment, the step of forming a eel! is conducted by attaching the two substrates after pro- 
viding the mixture on one of the substrates. 

In another embodiment, polarizing plates are formed on external surfaces of the two substrates. 
Thus, the invention described herein makes possible the advantages of (1 ) providing a light scattering type 
liquid crystal display device in which liquid crystal regions in a drop shape, each having the same diameter, 

55 are formed with regularity in a direction along a surface of a substrate and which has a steep threshold char- 
acteristic curve and excellent contrast, and a method for manufacturing the same; (2) providing a non light scat- 
tering type liquid crystal display device in which liquid crystal regions are formed under the condition that the 
size of liquid crystal regions is adjusted with respect to pixels, and a method for manufacturing the same; (3) 
providing a liquid crystal display device in which the response speed is sufficiently improved and a high elec- 
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trical holding ratio Is maintained, and a method for producing the same; (4) providing a liquid crystal display 
device in which unreacted substances such as an unreacted monomer remaining in a display medium Is re- 
duced so as not to cause peeling between the substrate and the display medium, and a method for manufac- 

5 turing the same; (5) providing a liquid crystal display device in which each liquid crystal region can be provided 
with respect to pixels without a photomask by causing a phase separation between the liquid crystal and the 
polymer without allowing the liquid crystal and the polymer to be mixed with each othen and (6) providing a 
liquid crystal display device which can greatly contribute to the improvement of shock resistance of the liquid 
crystal display device using ferroelectric liquid crystal, and a method for manufacturing the same. 

10 These and other advantages of the present invention will become apparent to those skilled in the art upon 
reading and understanding the following detailed description with reference to the accompanying figures. 

BRIEF DESCraPTION OF THE DRAWINGS 

15 Figure 1 is a cross-sectional view showing a liquid crystal display device of Example 1. 

Figure 2A is a cross-sectional view showing the state of the liquid crystal display device of Example 1 be- 
fore being irradiated with light. 

Figure 2B is a cross-sectional view showing the state of the liquid crystal display device of Example 1 after 
being irradiated with light. 

20 Figure 3 is a view showing boundary regions between polymer walls cured by being irradiated with light 
and liquid crystal according to Example 1. 

Figure 4 is a plan view of a photomask used in the case where one liquid crystal region is provided for one 
pixel electrode. 

Figure 5A is a plan view of a photomask used in the case where one liquid crystal region is provided for 
25 two pixel electrodes. 

Figure 58 is a plan view of a photomask used in the case where one liquid crystal region is provided for 
one row of pixel electrodes. 

Figure 6 is a cross-sectional view of a liquid crystal display device in which liquid crystal regions are made 
larger than those of Figure 28. whereby the liquid crystal regions are formed closer to the pixel electrodes. 
30 Figure 7 is a plan view of a cell, illustrating a method for injecting a mixture into the cell by vacuum injection. 
Figure 8 Is a cross-sectional side view of the ceil shown in Figure 7. 
Figure 9 is a front view showing an injector. 

Figure 10A is a cross-sectional view showing a liquid crystal display device with an orientation film appli- 
cable to the present invention, where the size of liquid crystal regions is slightly smaller than that of pixel elec- 
35 trodes. 

Figure 108 is a cross-sectional view showing a liquid crystal display device with an orientation film appli- 
cable to the present Invention, where the size of liquid crystal regions is larger than that of the pixels. 

Figure 11A is a view showing an orientation state of liquid crystal molecules In a conventional ECB liquid 
crystal display device under no applied voltage. 
40 Figure 11 B is a view showing an orientation slate of liquid crystal molecules in a conventional ECB liquM 
crystal display device under an applied voltage. 

Figure 12A is a view showing an orientation state of liquid crystal molecules in an ECB liquid crystal display 
device according to the present invention under no applied voltage. 

Figure 128 is a view showing an orientation state of liquid crystal molecules in the ECB liquid crystal display 
45 device according to the present invention under an applied voltage. 

Figure 13 is a view showing boundary regions between polymer walls and liquid crystal in a liquid crystal 
display device of Comparative Example 6. 

Figure 14 is a plan view showing another photomask used In the present invention. 

Figure 15 Is a plan view showing another photomask used in the present invention. 
50 Figure 16 is a plan view showing still another photomask used in the present invention. 

Figure 17 is a view showing the case where a plurality of liquid crystal regions are formed In one pixel 
according to the present invention. 

Figure 18 shows a structure in which the viewing angle dependency Is further Improved in the liquid crystal 
display device according to the present invention. 
55 Figure 19 Is a cross-sectional view showing still another example of a liquid crystal display device of the 

present invention. 

Figure 20 is a plan view showing a photomask used for manufacturing the liquid crystal display device 
shown In Figure 19. 

Figure 21 is a plan view showing a light-intercepting mask provided In the liquid crystal display device 
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shown in Figure 19. 

Figure 22 is a view showing a liquid crystal region of a light scattering type. 

Figure 23 Is a view showing a liquid crystal region of a non light scattering type obtained in the case where 
the photopolymerization speed is high. 

Figure 24A is a view showing a liquid crystal region of a non light scattering type obtained In the case where 
the photopolymerization speed Is low. 

Figure 24B is a view showing another liquid crystal regions of a non light scattering type obtained in the 
case where the photopolymerization speed is low. 

Figure 24C is a view showing another liquid crystal region of a non light scattering type obtained in the 
case where the photopolymerization speed is low. 

Figure 24D Is a view showing another liquid crystal region of a non light scattering type obtained In the 
case where the photopolymerization speed is low. 

Figure 25 Is a view showing a liquid crystal region of a non light scattering type obtained in the case where 
the photopolymerization speed Is higher than that of Figures 24A to 24D and lower than that of Figure 23. 

Figure 26A is a view showing a liquid crystal region of a non light scattering type obtained In the case where 
the photopolymerization speed is still lower. 

Figure 26B is a view showing another liquid crystal region of a non light scattering type obtained in the 
case where the photopolymerization speed is still lower 

Figure 26C is a view showing another liquid crystal region of a non light scattering type obtained in the 
case where the photopolymerization speed is still lower. 

Figure 26D is a view showing another liquid crystal region of a non light scattering type obtained in the 
case where the photopolymerization speed is still lower. 

Figure 27 is a view showing a liquid crystal region of a non light scattering type obtained In the case where 
a light transmission hole Is provided in the center of a masking portion of a photomask. 

Figure 28A is a front cross-sectional view of a liquid crystal region of a liquid crystal display device of Ex- 
ample 4. where the helical pitch is in the range of 15 ^m to 100 ^m. 

Figure 28B Is a plan view showing the liquid crystal region shown in Figure 28A. 

Figure 28C is a plan view for each of the layers I, II, III, and IV of the liquid crystal region shown in Figure 
28A. 

Figure 29A Is a front cross-sectional view of a liquid crystal region of a liquid crystal display device of Ex- 
ample 4, where the helical pitch is more than 100 \m. 

Figure 298 is a plan view showing the liquid crystal region shown in Figure 29A. 

Figure 29C is a plan view for each of the layers I, II. III. IV layers of the liquid crystal region shown in Figure 
29A. 

Figure 30A is a front cross-sectional view of a liquid crystal region of a liquid crystal display device of Ex- 
ample 4, where the helical pitch is smaller than 15 ^m. 

Figure 308 is a plan view showing the liquid crystal region shown in Figure 30A. 
Figure 31 Is a plan view showing an example of a photomask used in Example 5. 
Figure 32 is a plan view showing an example of a photomask used in Example 6. 
Figure 33 is a plan view showing liquki crystal regions obtained by using the photomask shown in Figure 

32. 

Figure 34A is a graph showing the viewing angle characteristic In the a direction of a liquid crystal display 
device of Example 6. 

Figure 348 Is a graph showing the viewing angle characteristic In the b direction of a liquid crystal display 
device of Example 6. 

Figure 34C is a graph showing the viewing angle characteristic in the c direction of a liquid crystal display 
device of Example 6. 

Figure 34D is a view showing the relationship between the a. b. and c directions. 

Figure 35 is a cross-sectional view showing a polymer dispersed liquid crystal display device of Example 

9. 

Figure 36 is a cross-sectional view showing one step of a method for manufacturing the liquid crystal dis- 
play device shown in Figure 35. 

Figure 37 is a cross-sectional view showing a polymer dispersed liquid crystal display device of Example 

10. 

Figure 38 is a cross-sectional view showing one step of a method for manufacturing a liquid crystal display 
device shown in Figure 37. 

Figure 39 is a schematic view showing an example of a shape for the thin film pattern of Example 10. 
Figure 40is a schematic view showing another example of a shape for the thin film pattern of Example 
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Figure 41 is a schematic view showing another example of a shape for the thin film pattern of Example 

10. 

5 Figure 42 is a cross sectional view showing a liquid crystal display device of Example 11 . 

Figure 43 is a plan view showing a map for crossing electrode lines in the liquid crystal display device of 
Example 11. 

Figure 44A is a view showing a state in which a conventional ECB liquid crystal display device performs 
a half tone display in a half tone. 
10 Figure 44B is a view showing a state in which the ECB liquid crystal display device of Example 1 1 performs 
a 1/2 tone display. 

Figure 45A is a view showing the orientation state of liquid crystal molecules in the GH liquid crystal display 
device of Example 11 under no applied voltage. 

Figure 45B is a view showing the orientation state of liquid crystal molecules in the GH liquid crystal display 
15 device of Example 11 under an applied voltage. 

Figure 46 is a cross-sectional view showing a liquid crystal display device of a light scattering type appli- 
cable to the present invention 

Figure 47 is a cross-sectional view showing one step of a method for manufacturing a polymer dispersed 
liquid crystal display device of Application 39. 
20 Figure 48 is a perspective view of Figure 47. 

Figure 49 is a cross-sectional view showing one step of a method for manufacturing a surface stabilized 
ferroelectric liquid crystal (SSFLC) display device of Application 40. 

Figure 50 Is a perspective view of Figure 49. 

Figure 51 is a cross-sectional view showing one step of a method for manufecluring a surface stabilized 
25 ferroelectric liquid crystal (SSFLC) display device of Application 41 . 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

According to the present invention, a mixture containing, at least, a light-curable material and a liquid crys- 
30 tal material is Inserted between two substrates, each substrate having electrodes. The inserted mixture is then 
irradiated withiight under the condition that the intensity of light is reduced in places where liquid crystal re- 
gions of the mixture are to be formed. 

The light-curable material which is present in regions to which light is irradiated, reacts to form a core for 
a polymer wall. After that, a concentration gradient of the material is formed due to the decrease in the con- 
35 centration of the material in the light-irradiated regions. Along this concentration gradient, an unreacted ma- 
terial in regions, to which light having low intensity is irradiated masking portions (the masking portions do not 
intercept light completely, but weaken the intensity of light) of a photomask, gathers in the light-irradiated re- 
gions and is polymerized to form polymerwalls. In regions where the polymer walls are notformed, liquid crystal 
regions are formed. 

40 In this case, the position of the weak light-irradiated regions is set In accordance with the position of the 
liquid crystal regions to be formed In the display medium. When the mixture Is irradiated with light, liquid aystal 
regions are formed in the weak light-irradiated regions. At this time, if light is irradiated to the mixture by using 
a photomask having relatively small masking portions, nearly spherical liquid crystal regions are formed in the 
weak light-irradiated regions. Thus, the resulting liquid crystal display device becomes a light scattering type. 

45 Figure 22 shows liquid crystal regions of a light scattering type. A number of liquid crystal regions d are formed 
In one pixel b and the diameter of each liquid crystal region d is very small. 

Alight scattering type refers to a system in which light scattering and transparent states of a liquid crystal 
display device In which liquid crystal molecules are dispersed In a polymer are electrically regulated. A principle 
thereof is that the refractive index of liquid crystal molecules is set so as to almost coincide with that of a poly- 

50 mer during the application of a voltage. In this case, while a voltage is applied, the liquid crystal display device 
Is in a transparent state. In contrast, when no voltage is applied, the liquid crystal molecules are in a random 
orientation due to interaction with the polymerwalls, whereby the apparent refractive index of the liquid crystal 
molecules Is Increased to cause mismatching with the refractive Index of the polymer walls. Thus, the liquid 
crystal molecules take a light scattering state. 

55 The mixture of light-curable material and liquid crystal material is inserted between two substrates, each 
having electrodes with at least one of the substrates being transparent. The mixture is irradiated with light under 
the condition that the intensity of light Is reduced in portions of the mixture which correspond to at least 30% 
of the size of each pixel. As a means for reducing the Intensity of light, a photomask or the like Is used. The 
mixture is irradiated with light through the photomask or the like. 
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In portions of the mixture to which light with higher intensity is irradiated, the polymer material is cured to 
form walls reaching the inside surfaces of both substrates. Liquid crystal regions are formed in portions par- 
titioned by the walls. That Is, the liquid crystal regions are formed in a dispersed state. 

5 When the mixture is irradiated with light by using a photomask or the like having relatively large masking 

portions, liquid crystal regions are widened and have portions which are in parallel with the surface of the sub- 
strates. The parallel portions are formed in the vicinity of both substrates. The resulting liquid crystal display 
device is a non light scattering type. Anon light scattering type refers to a system in which light scattering caused 
by the above-mentioned difference in refractive index between the liquid crystal region and the polymer wall 

10 is reduced as much as possible and a display is performed only by the change of the orientation of liquid crystal 
molecules. Examples of a method for taking advantage of the change of the orientation of liquid crystal mol- 
ecules Include a mode In which the change of the refractive index is taken by using polarizing plates (e.g., a 
TN mode and an ECB mode): and a guest-host (GH) mode in which a dichroic dye Is added to liquid crystal 
without using a polarizing plate. 

15 In the non light scattering type liquid crystal display device, each liquid crystal region can be provided in 
one pixel, each liquid crystal region can be provided in two or more pixels, or a plurality of liquid crystal regions 
can be provided in one pixel by appropriately regulating means for reducing the intensity of light such as a pho- 
tomask. In addition, even though the size of a pixel may be large, one or more liquid crystal region{s) can en- 
tirely be provided In one pixel; some parts of the liquid crystal regions are provided in one pixel; or one or more 

20 entire liquid crystal regions and some parts thereof are provided in one pixel. 

Moreover, it is also possible that a homogeneous mixture of a light-curable material and a liquid crystal 
material is dropped or coated onto one substrate, then two substrates are attached to each other, and the light- 
curable material is cured. 

In particular, in the case where a photomask is used, portions to which light is irradiated are clearly limited. 
25 Thus, even in the case where a plurality of liquid crystal regions are formed In one pixel, the polymer can be 
provided in a large amount outside the pixel, so that contrast can be improved, which is preferred. 

In the production of the non light scattering type liquid crystal display device, the photopolymerization rate 
is changed by varying materials of the mixture and conditions of light irradiation, whereby a phase separation 
rate of a polymer and liquid crystal can be regulated. 
30 (1) The case where the phase separation rate (i.e., photopolymerization rate) Is high: 

Due to light leaked from the light-Irradiated regions, photopolymerization of a polymerizable material 
is also conducted in the weak light-irradiated regions, and thus, a plurality of liquid crystal regions are 
formed therein. In this case, as shown in Figure 23, each liquid crystal region d present in a pixel b is in 
the form of a circle, when seen from the upper side of the substrate, the orientation direction of the liquid 
35 crystal molecules in the crystal regions d Is in the form of concentric circles along the polymer walls and 
is nearly in parallel with the surface of the substrate. When an electrical field is applied to this display 
medium so that a half tone is obtained, the liquid crystal molecules stand omnidirectionally, so that the 
apparent refractive Index becomes almost the same, even when seen firom any directions, and viewing 
angle characteristics are improved, resulting in satisfactory contrast. 
40 (2) The case where the phase separation rate, (i.e., photopolymerization rate) is low: 

A photopolymerization reaction is decreased in the weak light-irradiated regions and the shape of each 
liquid crystal region becomes almost the shape of the masking portions of a photomask. However, light- 
curable materials present in the weak light-irradiated regions cannot completely reach the portions where 
the polymerization of the polymerizable material (i.e., light-irradiated regions) is conducted. As shown in 
45 Figure 24A. 24B, 24C, or 24D, an inside liquid crystal region d is formed almost in the center of each pixel 
b (the weak light-irradiated region, in this case), and a polymer region f and an outside liquid crystal region 
d' are formed so as to surround the inside liquid crystal region d. Thus, the outside liquid crystal region 
d' is formed, for example. In a donut shape or in a C shape. 

Liquid crystal in the Inside liquid crystal region d formed almost in the center of the pixel b has the 
50 same orientation as that described in the above-mentioned case (1). The liquid crystal region in a donut 
shape or the Oshaped liquid crystal region contains a plurality of liquid crystal domains g, and the plurality 
of liquid crystal domains g are formed almost in a radial manner with respect to the center of each pixel. 
Here, the respective liquid crystal domains g have different orientations firom each other even though a 
polymer in a wall shape is not present between the liquid crystal domains g, and discrimination lines (ac- 
55 tually, interfaces) are present between the liquid crystal domains g. 

This phenomenon Is caused as follows: 

Since a polymerization reaction is conducted while light-curable polymers move, the liquid crystal mol- 
ecules are oriented In a vertical direction with respect to the polymer wails. Moreover, In the case where 
the liquid crystal regions become large, the same phenomenon can be seen. 
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When an electrical field Is applied to a display medium which has the above-mentioned orientation 
state, the inside liquid crystal region d almost In the center of the pixel b has the same orientation as that 
of the above-mentioned case (1). In contrast, in the outside liquid crystal region d' in a donut shape or in 

5 a C shape, the direction in which the liquid crystal molecules stand is different in each domain, so that 

the characteristics of the angle of visibility, l.e., viewing angle characteristics are remarkably improved in 
the same principle as that described In the above-mentioned case (1). If a photopolymerization rate is 
slightly higher than this case, liquid crystal regions as shown in Figure 25 are obtained. As is understood 
in Figure 25. a plurality of circular liquid crystal regions d2 are formed so as to be in contact with each 

10 other on the edges of pixel b and a plurality of circular liquid crystal regions d1 are formed so as to be 
surrounded by the liquid crystal regions d2. 

(3) The case where the phase separation rate (i.e., photopolymerization rate) is further lowered: 

The polymers remaining in the weak light-irradiated regions are further decreased, and the liquid crys- 
tal regions which have almost the same shape as that of the masking portions of a photomask are formed. 

15 In this case, as shown in Figure 26A, 26B, 26C, or 26D, each liquid crystal region d contains a plurality 
of liquid crystal domains g and the discrimination lines h between the liquid crystal domains g become 
vertical with respect to the polymer walls. The orientation of the liquid crystal molecules in the liquid crystal 
regton d become random since an island portion Is not present in the center of the liquid crystal region d. 
At this time, If a hole for allowing light to pass through Is provided in the center of the masking region (cor- 

20 responding to the pixel b) of a photomask, an island i made of a polymer can be formed in the center of 
the liquid crystal region d as shown In Figure 27, whereby the liquid crystal domains g are formed in a 
radial manner with respect to the island I. 

When an electrical field is applied to this display medium, the liquid crystal molecules move in the same 
way as in the above-mentioned case (2). The refractive index of the liquid crystal molecules Is almost the same 

25 when seen from an omnidirection with a predetermined angle from a vertical direction to the substrate surface. 
Thus, the viewing angle characteristics can be improved. This case is preferred since the ratio of the liquid 
crystal regions with respect to pixel(s) Is increased and contrast is improved. 

In the above-mentioned cases (2) and (3), if a chiral agent is added to the mixture, a plurality of liquid crystal 
molecules contained in a liquid crystal region are as shown in Figures 28A, 28B, and 28C. That is, when the 

30 liquid crystal region d is seen through the substrate, a plurality of domains g are formed in a radial manner as 
shown In Figure 28B; however, as shown in Figure 28A, the respective liquid crystal molecules J are aligned 
in a helical manner around the helical axis kwhich Is almost vertical with respect to the surface of the substrate. 
More specifically, when the I layer of Figure 28A is seen through the substrate, the I layer is disposed as shown 
in Figure 28C. When the II, III. and IV layers of Figure 28A are seen through the substrate, the II, III, and IV 

35 layers are disposed as shown In Figure 28C. 

On the other hand, when a chiral agent is not added to the mixture, a plurality of liquid crystal molecules 
are aligned as shown in Figures 29A, 298, and 29C. When the liquid crystal region d is seen through the sub- 
strate, a plurality of domains g are disposed in a radial manner as shown in Figure 298; however, as shown 
in Figure 29A, the respective liquid crystal molecules are aligned In a predetermined direction around the axis 

40 1 which is almost vertical with respect to the surface of the substrate. More specifically, when the I layer of 
Figure 29A is seen through the substrate, the I layer is disposed as shown in Figure 29C, and when the II, III, 
and IV layers of Figure 29A are seen through the substrate, the II, III, and iV layers are disposed as shown in 
Figure 29C. 

When an excess amount of a chiral agent is added to the mixture, as shown in Figure 308, when the liquid 
45 crystal region d is seen through the substrate, a plurality of domains g are disposed in a radial manner; how- 
ever, as shown in Figure 30A, the helical axis becomes parallel with the surface of the substrate even though 
the liquid crystal molecules are aligned in a helical manner. This phenomenon is caused even in the case where 
cholesteric liquid crystal is added to nematic liquid crystal. In addition to the case where a chiral agent is added 
to the mixture. 

50 Furthermore, the liquid crystal regions are formed in each pixel, and a light-intercepting mask is provided 
on one side of a liquid crystal layer (containing the liquid crystal regions and the polymer walls). At least 50% 
or more of the area of each polymer wall is covered with the light-intercepting mask, whereby light which is 
scattered at an Interface between the polymer wail and the liquid crystal region can be prevented from being 
leaked outside. In particular, in the case where the light-intercepting mask is provided closer to the light incident 

55 side than the liquid crystal region, the incident light can be prevented from being scattered at an interface be- 
tween the liquid crystal region and the polymer wall. 

In a method for manufacturing a liquid crystal display device according to the present invention, an orien- 
tation film is formed on at least one of the substrates for the purpose of improving the regularity of the orien- 
tation of liquid crystal regions. The orientation film contains a photopolymerization initiator. Moreover, the sub- 
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strate on which the orientation film is formed is subjected to a rubbing treatment. When a celi is irradiated with 
light by using a photomasl<, a photopolymerizable compound material starts being cured due to the photopo- 
lymerization initiator contained in the orientation fiim. In this case, the curing speed of the photopolymerizable 

6 compound material is higher in regions to which strong light is Irradiated than in regions to which weak light is 
irradiated. Moreover, In the regions to which strong light Is Irradiated, the phase separation speed between 
the liquid crystal and the cured polymer is higher. Thus, In the strong light-irradiated regions, the polymer is 
more rapidly deposited to push the liquid crystal into the weak light-irradiated regions. As a result, in the strong 
light-Irradiated regions, polymer walls are formed, and In the weak light-irradiated regions, liquid crystal re- 

10 gions are formed, being in contact with the orientation film to be subjected to an orientation treatment. In this 
way, the liquid crystal regions are disposed with regularity in a planar manner. 

There is another method for improving the regularity of the orientation of the liquid crystal regions. That 
is. a thin film pattern containing a photopoiymerization initiator is formed on portions, where polymer walls are 
to be formed, of at least one of the substrates. After that, the polymerizable compound material in the mixture 

15 is cured by the irradiation of UV-rays or by heating. When the mbcture is irradiated with UV-rays or heated, 
the polymerizable compound material starts being cured due to the polymerization initiator contained in the 
thin film pattern, whereby the polymer walls start being formed in contact with the thin film pattern. Because 
of this, the polymer wails are formed on the portions where the thin film pattern is formed, and the liquid crystal 
regions subjected to an orientation treatment are formed in one or a plurality of adjacent pbcels. 

20 In another example of the present invention, the liquid crystal material and a polymerizable compound ma- 
terial containing a liquid crystalline compound having at least one kind of polymerizable functional group in its 
molecule are polymerized. Due to this polymerization, a phase separation is caused, whereby a display medium 
in which the liquid crystal regions are partitioned by the polymer walls can be formed. Each liquid crystal region 
has a structure in which the liquid crystalline compound is fixed In the vicinity of the interface between the 

25 polymer wall and the liquid crystal region. Under this condition, the interfaces between the liquid crystal re- 
gions and the polymer walls are driven under an applied voltage; and the driving force is increased under no 
applied voltage since the liquid crystal molecules are bonded to the polymer walls. Thus, the response speed 
Tr under an applied voltage and a response speed under no applied voltage can be improved. Moreover, since 
the liquid crystalline compound is fixed on the interfaces between the polymer walls and the liquid crystal re- 

30 gions, a phase separation is clearly conducted. 

In the case where a liquid crystal material of a fluorine type and/or a chlorine type which is chemically 
stable Is used as the liquid crystal material, the liquid crystal molecules will have chemical stability by using 
a polymerizable liquid crystalline compound having fluorine atom(s) and/or chlorine atom(s) In its molecule. 
Moreover, In the case where ferroelectric liquid crystal is used as the liquid crystal material, it Is possible 

35 to allow liquid crystal molecules having an optically active functional group to be present on the interfaces be- 
tween the polymer walls and the liquid crystal regions by using a liquid crystalline compound having a poly- 
merizable functional group and an optically active group in its molecule. Due to the presence of the liquid crystal 
molecules, the liquid crystal regions are influenced by the orientation regulating ability of the polymer walls 
having a component with a direction orthogonal with respect to the surface of the substrate as well as the 

40 orientation regulating ability of the substrate subjected to orientation treatment 

Furthermore, in the case where the polymer is cured in a liquid crystal state, the polymer as well as the 
liquid crystal regions are aligned in an orientation direction of the substrate. Thus, the orientation of the cell 
can be determined artificially by taking advantage of the orientation regulating ability of the substrate. In the 
case where a dichroic dye is contained in the liquid crystal regions and the polymer walls, when the liquid crys- 

45 tal regions and the polymer walls are aligned In the same direction, both of the liquid crystal regions and the 
polymer walls can be used as light transmission regions. 

In another method for manufacturing a liquid crystal display device of the present invention, a liquid crystal 
material, a photopolymerizable liquid crystalline material having a liquid crystalline functtonal group In Its mol- 
ecules, a photopolymerizable compound material, and a photopoiymerization initiator are polymerized; or a liq- 

50 uid crystal material, a heat polymerizable liquid crystalline material having a liquid crystalline functional group 
in its molecule, a heat polymerizable compound material, and a heat polymerization initiator are polymerized. 
Due to this polymerization, the polymerizable liquid crystalline material becomes a liquid crystalline polymer, 
and the liquid crystalline functional groups of the liquid crystalline polymer are provided In the liquid crystal 
regions, whereby a phase separation between the polymer and the liquid crystal is clearly conducted. When 

55 a voltage is applied from outside to the liquid crystal display device thus obtained, the liquid crystalline polymer 
can easily be moved In response to the application of a voltage. Namely, when a voltage is applied, the liquid 
crystal regions and the polymer walls are driven; and when no voltage is applied, the orientation of the liquid 
crystal molecules between the polymer walls and th liquid crystal regions is disturbed, whereby the molecules 
can rapidly move. 
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It is also possible that a mixture containing a liquid crystal material, a polymerizable liquid crystalline poly- 
mer having a liquid crystalline functional group in Its molecule, and a solvent capable of homogeneously dis- 
solving the liquid crystal material and the liquid crystalline polymer is coated onto one of the substrates and 

5 then the solvent Is removed by evaporation. In this case, the liquid crystalline functional groups in the liquid 
crystalline polymer are provided In the liquid crystal regions in the same way as the above, whereby a phase 
separation between the polymer and the liquid crystal is clearly conducted. 

In another method for manufacturing a liquid crystal display device of the present invention, a mixture in- 
serted between facing substrates is irradiated with light, the mixture containing a liquid crystal material, a pho- 

10 tosetting material, a photopolymerization initiator, and radial generating agent. Due to the light irradiation, a 
display medium in which the liquid crystal regions are dispersed in the polymer walls can be obtained. After 
that, the display medium is heated to thermally decompose the radical generating agent. As a result, a radical 
is generated from the radical generating agent, and the remaining monomer before heating Is polymerized with 
the radical, decreasing the remaining monomer. 

15 In still another method for manufacturing a liquid crystal display device of the present invention, all of the 
portions or part thereof excluding the pixels are irradiated with linear light to cure the photopolymerizable conrv 
pound material contained in the mixture injected between the substrates. Due to this, a phase separation is 
easily conducted between the polymer and the liquid crystal under the condition that the polymer and the liquid 
crystal are not mixed with each other, the polymer walls are formed with regularity, and each liquid crystal 

20 region is regularly disposed In one or a plurality of pixels. According to the present invention, as other methods 
for curing the photopolymerizable compound material, the following two methods are used: 

(1) Light in a spot shape is irradiated to all of the portions or part thereof excluding the pixels while the 
spot-shaped light Is moved. 

(2) An insulating film is formed on linear electrodes formed on one transparent substrate and light Is irra- 
25 diated to the substrate from the side thereof on which the insulating film is formed, whereby the polymer- 
izable compound material of the mixture in the non-pixel portions which are not covered with the insulating 
film Is cured. 

In any of these methods, a phase separation between the polymer and the liquid crystal is easily con- 
ducted. 

30 

Examples 

Hereinafter, the present invention will be described by way of illustrating examples with reference to the 
drawings. 

35 

Example 1 

The present invention will be described in the case where it is applied to a light scattering type liquid crystal 
display device. 

40 Figure 1 is a cross-sectional view showing a liquid crystal display device of the present example. In the 
present example, two substrates 12 and 13 are provided so as to face each other with spacers (not shown) 
sandwiched therebetween. The substrate 12 Is made of glass, and electrodes 11 made of ITO (indium tin oxide) 
are formed thereon. The substrate 13 is also made of glass; and a photomask 14 Is provided on one surface 
of the substrate 13 and a counter electrode 15 made of ITO Is formed on the other surface thereof. 

45 A mixture containing a liquid crystal material and a light-curable material is sealed between the substrates 
12 and 13. This mixture is irradiated with UV-rays 20 to cure the light-curable material. Consequently, a polymer 
dispersed liquid crystal layer in which liquid crystal regions 16 are partitioned by polymer walls 17 is obtained 
between the substrates 12 and 13. 

The polymer dispersed liquid crystal display device thus obtained is observed as follows: 

50 The polymer dispersed liquid crystal display device thus produced Is cut and one substrate is peeled off 
from the other substrate In liquid nitrogen. The liquid crystal material is washed away with acetone, and a hor- 
izontal section of the polymer walls 17 is observed by a scanning electron microscope (SEM), revealing that 
the liquid crystal regions 16 which have the same regularity as that of a dot pattern of the photomask 14 and 
have a nearly uniform spherical shape with almost the same size are formed. 

55 The present example has one characteristic: each interval a between the center of one liquid crystal region 

and the center of the adjacent liquid crystal region along the direction of a surface of the substrate is within 
a width of one pixel along this direction; and 80% or more of the intervals a satisfy a relationship: 3b/2 > a > 
b/2, where b is an average of the Intervals a. 

The structure of each component applied to the present example and modified examples thereof will be 
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described below. 

(A light regulating means such as a photomask) 

5 

The study of the inventors of the present invention revealed the following: 

Among portions of a photomask for forming light-irradiated regions and weak light-irradiated regions, in 
the case where the masking portions for forming the weak light-Irradiated regions have a period of less than 
2 ^im, the liquid crystal regions also have a diameter of less than 2 ^m. As a result, a number of liquid crystal 

10 regions on which visible light Is not likely to be reflected are formed and light scattering under no voltage is 
decreased. In addition, the thickness between the substrates also influences the light scattering. That is, when 
the diameter of the masking portions of the photomask is smaller than the thickness between the substrates, 
liquid crystal regions to be formed have a honeycomb structure in the form of a circle, which causes the de- 
crease in light scattering. Moreover, in this structure, when a voltage is applied, the liquid crystal display device 

15 cannot be in a sufficiently transparent state. 

In the case where the period of the masking portions is more than 50 ^m. the diameter of liquid crystal 
regions to be formed has a period of more than 50 fim. The liquid crystal regions occupy most of the part be- 
tween the substrates, so that among light scattering characteristics, the masking characteristic is decreased. 
Thus, this structure is not preferred. 

20 Accordingly, in view of the above-mentioned results, in the present example, the average range of a period 
of the masking portions Is preferably In the range of 2 ^m to 50 ^im; and more preferably in the range of 3 ^im 
to 20 |im. When the period is taken as 20 \vrr\ or less, intensity of light scattering can be Increased as the size 
of a light scattering source (in this case, the liquid crystal regions) becomes closer to a wavelength of light, 
whereby a masking characteristic among the light scattering characteristics can be improved. 

25 Under the above-mentioned limitations, the interval a between the center of one liquid crystal region and 
the center of the adjacent liquid crystal region along the direction of the surface of the substrate is within a 
width of one pixel along this direction; and 80% or more of the intervals a along this direction satisfies the 
relationship: 3b/2 > a / b/2, where b is an average of the intervals a. More specifically, the regularity of the 
liquid crystal regions is increased. 

30 Any shape of masking portions can be used as long as the intensity of UV-rays is controlled. In the present 
example, a masking portion corresponding to a circle, a square, a trapezoid, a hexagon, a rectangle, a diamond 
shape, a letter shape, a shape surrounded by a curved line(s) and/or a straight llne(s) can be used, although 
it is not limited to these shapes. A configuration obtained by cutting a part of these shapes; a configuration 
obtained by the combination of the different shapes; a configuration obtained by the combination of the same 

35 shapes; and the like can be used. In the case where the configuration obtained by the combination of the same 
shapes is used, the average diameter of each masking portion is taken as a distance from a center of the con- 
figuration to an outermost portion thereof. In addition, when the present Invention Is put into practical use, one 
or more of these shapes are selected. In order to improve uniformity of the liquid crystal regions, it is preferred 
to limit the configuration to one shape with the same size. 

40 Another characteristic of the present example is in that the liquid crystal regions are regularly aligned in 
a horizontal direction along the surface of the substrate. In this case, the position of the weak light-irradiated 
regions is important. When the interval between the respective weak light-irradiated regions is less than 1 
nm. the weak light-irradiated regions are in a continuous shape and irradiated portions are in a dot shape; and 
thus, advantages of regulating the liquid crystal regions of the present invention will be lost. 

45 In contrast, when the interval between the respective weak light-irradiated regions is more than 50 nm, 
portions where the intensity of UV-rays cannot be intercepted so as to regulate the liquid crystal regions are 
increased in number, and the number of liquid crystal regions with a random diameter as in the conventional 
example are formed, decreasing the advantages of the present example. 

Thus, in the present example, the interval between the respective liquid crystal regions is in the range of 

50 1 ^m to 50 nm, and more preferably in the range of 5 ^m to 20 jim. 

A respective weak light-irradiated regions are not necessarily independent. The weak light-irradiated re- 
gions can be connected to each other at ends thereof. Any photomask with masking portions for decreasing 
the Intensity of UV-rays which have the above-mentioned shape and orientation can be used. 

A similar regularity is required for the photomask. In Example 1. a photomask satisfying the following con- 

55 ditions can be used: 

Patterns are formed continuously or independently in a regular manner, and minimum repeating units of 
the patterns are within a circle having a diameter in the range of 1 |Am to 50 jim. An interval from the center 
of one unit pattern to that of the adjacent unit pattern is in the range of 1 ^m to 50 ^m. 

The photomask can be positioned either inside or outside the substrate. When the photomask is positioned 
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Inside the substrate, a reflective mode (e.g.. GH mode), etc. can be used. In this case, light is irradiated from 
the side of the substrate on which the photomask is not formed, and the photomask Is used as a reflecting 
plate. 

5 

(Irradiation light) 

It Is preferred that the Irradiation of light to the mixture is conducted by using light having the following 
light Intensity distribution: 

10 The light intensity of at least one portion of each pixel is 90% or less of the maximum illuminance in a cir- 
cular area which corresponds to 10 times the pixel area and whose center Is situated in the center of the pixel. 

(A Liquid crystal material) 

15 Examples of the liquid crystal used in the present invention include organic substances or organic mixtures 
which are in a liquid crystal state in the vicinity of an ordinary temperature, such as nematic liquid crystal (in- 
cluding liquid crystal for a dual frequency drive and liquid crystal with the anisotropy of dielectric constant Ae 
< 0). cholesteric liquid crystal (in particular, liquid crystal having a selective reflection characteristic with respect 
to visible light), smectic liquid crystal, ferroelectric liquid crystal (e.g., SmC*), and discotic liquid crystal. These 

20 liquid crystals can be mixed. In particular, nematic liquid crystal or nematic liquid crystal to which cholesteric 
liquid crystal is added is preferred in view of the properties thereof. I^ore preferably, liquid crystal which is 
excellent in resistance to chemical combination reactivity due to the photopolymerization during the manufac- 
turing is used. An example thereof includes liquid crystal having an Inactive functional group such as an fluorine 
atom in its compound, e.g., ZLMSOI-OOO. ZLI-4801-001 , and ZLI-4792 which are available from Merck & Co.. 

25 Inc. 

(A polymerizable material) 

Apolymerizable materia! is mixed with a liquid crystal material to form a mixture. Finally, the polymer thus 
30 obtained functtons as a wall supporting two substrates and the liquid crystal regions. Thus, the selection there- 
of is important. The polymerizable material useful for the present example is a light-curable monomer. In ad- 
dition, other polymerizable materials can be used. Examples of the light-curable monomer include acrylic acids 
and acrylic esters having a long chain alkyi group containing three or more carbons or an aromatic ring. More- 
over, examples thereof include isobutyl acrylate. stearyl acrylate, lauryl acrylate, isoamyl acrylate, n-butyl- 
35 methacrylate, n-iauryl methacrylate. tridecyl methacrylate, 2-elhylhexyl acrylate, n-stearyl methacrylate. cy- 
clohexyl methacrylate, benzyl methacrylate, and 2-phenoxyethyl methacrylate. 

In order to increase the physical strength of the polymer, multi-functional material with two or more func- 
tional groups, such as bisphenol Adimethacrylate, bisphenol Adiacrylate, 1,4-butanediol dimethacrylate, 1 ,6- 
hexanedioi dimethacrylate, trimelhylol propane triacrylate, and tetramethylolmethane tetraacrylate can be 
40 used. 

Moreover, a polymerizable material obtained by halogenating, in particular, by chlorinating or f luorinating 
the above-mentioned monomer can be used. Examples of this polymerizable material include 2,2,3,4,4,4-hex- 
aphlorobutyl methacrylate, 2,2,3,4,4,4-hexachlorobutyl methacrylate, 2,2,3,3-tetraphloropropyl methacrylate, 
2,2,3,3-tetraphloropropyl methacrylate, perphlorooctyl methacrylate, perchlorooctylethyl methacrylate, per- 
45 phlorooctylethyl acrylate, and perchlorooctylethyl acrylate. 

The above-mentioned polymerizable material can be used alone or in combination of two or more kinds 
thereof. If required, chlorinated orfluorinated polymers or oligomers can be mixed with the above-mentioned 
monomer. 

In the case where a thin film transistor (TFT) is used as a switching element, an electrical insulation prop- 
so erty is required for a polymer as well as a liquid crystal material. Thus, a polymer which has a specific resistance 
of 1 X 10^2 Q.cm or more even in an uncured state Is preferred. 

In the production of a polymer dispersed liquid crystal display device by the conventional photopolymeri- 
zation phase separation method, It is preferred that the liquid crystal material and the polymerizable material 
are combined so that a diameter of liquid crystal regions is larger than a dot diameter of a photomask used. 
55 In the case where the combination of the polymerizable material and the liquid crystal material causes the 
diameter of the liquid crystal regions to be smaller than the dot diameter, this combination can be used by weak- 
ening the intensity of UV-rays or reducing the added amount of a photopolymerization initiator. 
Hereinafter, applications for Example 1 will be described. 



18 



EP0 568 355 A2 



Application 1 

Two substrates 12 and 13 were used. The substrate 12 was made of flint glass with ITO (a mixture con- 

5 taining indium oxide and tin oxide) with a thickness of 500 Angstroms (manufactured by Nippon Sheet Glass 
Co., Ltd.) functioning as the pixel electrodes 11. The substrate 13 was also made of glass; and the photomask 
14 with a dot pattern made of aluminum (having circles with a diameter of 10 ^m, the interval between the 
centers of adjacent circles being 15 \m and circles being positioned in a matrix) was provided on one surface 
of the substrate 13 and the counter electrode 15 was formed on the other surface thereof by vapor-deposited 

10 ITO to a thickness of 500 Angstroms. The two substrates 12 and 13 faced each other with spacers having a 
diameter of 12 ^m sandwiched therebetween, whereby a cell was formed. 

Then, 0.1 g of trimethylol propane trimethacrylate and 0.9 g of 2-ethylhexyl acrylate; and 4.0 g of a mixture 
in which ZLI-4792 (manufactured by Merck & Co., Inc.) was mixed with 0.03 g of a photopolymerization initiator 
Irgacure 1 84 (manufactured by CIBA-GEIGY Corporation) were homogeneously mbced. After that, the resulting 

15 mixture was inserted into the cell thus obtained. Then, the UV-rays 20 were irradiated through the photomask 
14 to the cell by using a high-pressure mercury lamp (which can provide parallel rays) at an Illuminance of 20 
mW/cm2fortwo minutes to curethe polymerizable material, whereby a polymer dispersed liquid crystal display 
device was obtained. In the cell, the polymer walls 17 and the liquid crystal regions 16 regulated by the pho- 
tomask 14 were formed In a regular manner. 

20 The polymer dispersed liquid crystal display device was observed, revealing that the condition of uniform- 
ity was satisfied. More specifically, the interval a between the center of one liquid crystal region and the center 
of the adjacent liquid crystal regton in a direction along the surface of the substrate was within a width of one 
pbcel along this direction; and 95% of the intervals a satisfied the relationship: 3b/2 > a > b/2. where b is an 
average of the intervals a. 

25 The electro-optic characteristics of this polymer dispersed liquid crystal display device were as follows: 
When light transmittance was increased by 1 0% of a value obtained by subtracting transmittance To under 
no voltage from the saturation transmittance Tsat under an excess voltage applied, an applied voltage Vio was 
4.3 V. When light transmittance was increased by 90% of a value obtained by subtracting transmittanceTo under 
no voltage from a saturation transmittance Tsat under an excess voltage applied, an applied voltage V90 was 

30 5.1 V. Thus, the drive voltage of Application 1 was lower than that of the conventional polymer dispersed liquid 
crystal display device, and had excellent agility (a = V90/V10 = 1.18). Moreover, polarizing plates were provided 
on the upper and lower sides of the polymer dispersed liquid crystal display device so that each polarizing 
direction crossed each other at right angles (crossed Nicols). Because of this, when a voltage was applied, 
the liquid crystal display device was in a black state, and when a voltage was not applied, it was in a white 

35 state. Thus, a satisfactory black and white display was achieved. 

Comparative Example 1 

A polymer dispersed liquid crystal display device was manufactured in the same way as in Application 1 
40 except that a glass substrate with ITO (flint glass with ITO having a thickness of 500 Angstroms, nrvanufactured 
by Nippon Sheet Glass Co., Ltd.) was used in place of the substrate 13 with the photomask 14. 

The liquid crystal display device thus obtained was observed by using the SEM, revealing that the diameter 
and shape of the liquid crystal regions were not uniform. In this device, the interval a between the center of 
one liquid crystal region and the center of the adjacent liquid crystal region in a direction along the surface of 
45 the substrate was within a width of one pixel along this direction; and 65% of the intervals a satisfied the re- 
lationship: 3b/2 >a >b/2, where b is an average of the intervals a. As to the electro-optic characteristics, Vio 
and V90 were 7.5 V and 13.7 V, respectively and a - 1.83. 

Application 2 

50 

In place of the glass substrates 12 and 13 used in Application 1, PET films with ITO having a thickness 
of 125 urn were used. Spacers with a diameter of 12 nm were dispersed on one PET film, and the other PET 
film was placed thereon to form a cell. The same material as that of Application 1 was injected into the cell. 
Then, a photomask 14 having the same dot pattern as that of Application 1 was placed so that a mask image 
55 was in contact with the PET film, and UV-rays were irradiated to the cell through the photomask 14 in the 
same way as in Application 1. whereby a polymer dispereed liquid crystal display device was obtained. 

The polymer dispersed liquid crystal display device thus obtained was cut, and one substrate was peeled 
off from the other substrate in liquid nitrogen. After, the liquid crystal material was washed away with acetone, 
and a horizontal section of the polymer walls was observed by the SEM. As a result, it was revealed that unl- 
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formly aligned liquid crystal regions with almost the same size were formed having the same regularly as that 
of the dot pattern of the photomask 14. The interval a between the center of one liquid crystal region and the 
center of the adjacent liquid crystal region in a direction along the surface of the substrate was within a width 
5 of one pixel along this direction; and 97% of the Intervals a satisfied the relationship: 3b/2 > a > b/2, where b 
is an average of the intervals a. Moreover, as to the electro-optic characteristics, Vio and Vqo were 4.6 V and 
5.8 V, respectively. Thus, the liquid crystal display device having a lower drive voltage, compared with the con- 
ventional polymer dispersed liquid crystal display device and having excellent agility (a = V90/V10 = 1 .26) was 
obtained. 

10 

Comparative Example 2 

A polymer dispersed liquid crystal display device was manufactured in the same way as In Application 2, 
except that UV-rays were irradiated without using the photomask 14. The shape of the polymer regions in the 

15 polymer dispersed liquid crystal display device thus obtained was not uniform. The interval a between the cen- 
ter of one liquid crystal region and the center of the adjacent liquid crystal region in a direction along the surface 
of the substrate was within a width of one pixel along this direction; and 67% of the intervals a satisfied the 
relationship: 3b/2 > a > b/2, where b is an average of the intervals a. Moreover, as to the electro-optic char- 
acteristics, Vio and V90 were 7.7 V and 14.3 V, respectively and a = 1.85. 

20 As described above, in the case of Example 1 , a polymer dispersed liquid crystal display device in which 
liquid crystal regions each having a uniform diameter are regularly aligned along a surface of a substrate can 
be manufactured with a good yield In a smaller number of steps. 

In addition, a liquid crystal display device obtained by using the method of Example 1 has a performance 
comparable to the conventional liquid crystal display device (which is not polymer dispersed). Moreover, the 

25 number of liquid crystal regions In one pixel and the shape thereof can be freely varied, so that the regulation 
of the intensity of light scattering which occurs on the interfaces between the liquid crystal regions and the 
polymer walls, the adjustment of a drive voltage, the high precision of a screen, and the like are made possible, 
all of which cannot be achieved by the conventional polymer dispersed liquid crystal display device. Further- 
more, since the diameter of the liquid crystal regions is uniform, the threshold value characteristic curve be- 

30 comes steep, and a display with high precision and high contrast is made possible. In the case where a light- 
intercepting mask is provided as described above, the light scattering which occurs on the interfaces between 
the liquid crystal regions and the polymer walls can be prevented and contrast characteristics can be further 
improved. The liquid crystal display device obtained in Example 1 can be used in a simple matrix drive with 
high duty ratio. The liquid crystal display device obtained in Example 1 can be used, for example, in a surface 

35 display device of a projection TV, a personal computer, etc., a display plate, a window, a door, a wall, and the 
like utilizing shutter effects. In particular, the liquid crystal display device obtained in Example 1 can be used 
as a polymer dispersed liquid crystal display device of a direct viewing type. 

Example 2 

40 

Example 2 is the case where the present invention is applied to a non light scattering type liquid crystal 
display device. 

A method for manufacturing a liquid crystal display device according to Example 2 will be described with 
reference to Figures 2A and 2B. 

45 First, as shown in Figure 2A, a substrate 1 and a counter substrate 3 face each other. A mixture 5 containing 
a liquid crystal material and a light-curable material is sealed between the two facing substrates 1 and 3. The 
substrate 1 is transparent, and pixel electrodes 2 are formed on the underside of the substrate 1. A counter 
electrode 4 is formed over the entire Inner surface of the counter substrate 3. 

On the substrate 1, a glass plate 6 on which a photomask 7 is formed is placed. The mbcture 5 is irradiated 

50 with UV-rays 10 through the photomask 7. Consequently, as shown in Figure 2B, walls 8 formed of a polymer 
resin and liquid crystal regions 9 partitioned by the walls 8 are formed. In stronger UV-rays irradiated regions, 
a polymer is rapidly deposited due to the high polymerization rate, and liquid crystal molecules which are pres- 
ent together with the polymer are pushed out to weaker UV-rays irradiated regions. As a result, the liquid crystal 
regions 9 are formed in the weaker UV-rays irradiated regions. The liquid crystal regions 9 have flat portions 

55 in the vicinity of the substrates 1 and 3, the flat portions being parallel with the surfaces of the substrates 1 
and 3. 

In the liquid crystal display device of the present invention thus manufactured, the liquid crystal regions 
9 are formed in regions which are covered with masking portions of the photomask 7; and the polymer walls 
8 are formed in regions which are not covered with the masking portions of the photomask 7. That is to say, 
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the liquid crystal regions 9 and the polymer walls 8 are formed under the condition that they are clearly sepa- 
rated from each other. 

The reason for providing the horizontal portions in the liquid crystal regions 9 is that boundaries between 
5 the liquid crystal regions 9 and the polymer walls 8 are positioned outside a pixel and Incident light is allowed 
to pass through only the liquid crystal regions 9 which have less variation of refractive index in each portion 
thereof, thereby decreasing their light scattering ability. In this case, as the horizontal portions become larger, 
more effective results can be obtained. 

Since the polymer walls 8 reach both of the substrates 1 and 3 (strictly speaking, the polymer walls 8 do 
10 not reach the surfaces of the substrates, since electrodes etc. are formed on the substrates) the substrates 
1 and 3 are securely supported by the polymer walls 8, whereby shocic resistance can be improved. Moreover, 
even though the liquid crystal display device is used under the condition that the device stands on end, a lower 
gap between the substrates 1 and 3 is prevented from being wider than an upper gap therebetween. In par- 
ticular, the liquid crystal display device of the present example Is effective in the case where film-shaped sub- 
15 strates are used. 

The real shape of the liquid crystal regions formed in Example 2 can be observed and confirmed by peeling 
one of the two substrates from the other substrate, removing the liquid crystal molecules with a solvent, and 
by analyzing the polymer walls 8 with the SEM. Since some portions of the liquid crystal display device are 
Nicely to be damaged while samples for the SEM observation are formed, it is preferred that 20 liquid crystal 
20 regions which are most excellent in regularity among samples are selected to observe the polymer matrix. 

Figure 3 shows a view obtained by observing the state, in which the polymer wall 8 and the liquid crystal 
regions 9 are divided by phase separation, by using a microscope. As is understood from this figure, the poly- 
mer wall 8 is not formed in a region to which UV-rays weakened by the photomask 7 is Irradiated; and the 
polymer wall 8 is formed in a region to which UV-rays are irradiated and In the vicinity thereof. It is noted that 
25 in some cases, small liquid crystal regions are formed in the polymer walls 8. 

Hereinafter, the structure of each component applied to the present example and modified examples 
thereof will be described. 

(A light regulating means such as a photomask) 

30 

The study of the inventors of the present invention revealed the following: 

Among portions of a photomask for forming llght-lrradlated regions and weak llght-lrradlaled regions, in 
the case where the masking portions for forming the weak light- irradiated regions respectively have an area 
of 30% or less of each pixel area, the liquid crystal regions also respectively have an area of 30% or less of 
35 each pixel area. This case is not practical since a number of interfaces between the liquid crystal regions and 
the polymer walls are present in one pixel, greatly decreasing contrast because of light scattering. Thus, in the 
present example, at least one liquid crystal region contained in one pixel has an area of 30% or more of each 
pixel area. 

More specifically, in the present example, as shown in Figure 2B, the size of each liquid crystal region 9 
40 is made almost the same size as that of the pixel electrode 2. In this structure, only one liquid crystal region 
9 can be formed within one pixel, and the orientation direction of the liquid crystal regions 9 can be set by 
providing orientation films on the substrates 1 and 3. This structure is preferred in view of the ratio of aperture 
(i.e.. a ratio of the total effective area of all the pixels to the area of the display area). 

In the present example, it is preferred that the liquid crystal display regions 9 are regularly aligned along 
45 a surface of the substrate, i.e., with respect to each pixel. In this case, as shown In Figure 4, it is preferred 
that the position of each weak light- Irradiated region for forming each liquid crystal region 9 is adjusted to an 
orientation pitch of pixels 9a, and one weak light-irradiated region is positioned in one pixel. Alternatively, as 
shown In Figure 5A, one weak light-Irradiated region Is positioned over two pixels 9a or over three or more 
pixels 9a. As shown in Figure 5B, it is possible that weak llght-irradlated regions are formed over each column 
50 of the pixels 9a. In addition, the masking portions of the photomaskforforming the weak light-irradiated regions 
are not necessarily separated from each other completely, and can be connected to each other at the ends 
thereof, as long as the masking portions have the shape and orientation (described later) for effectively inter- 
cepting UV-rays (but not completely intercepting UV-rays). 

Furthermore, as shown in Figure 6, in order to decrease the number of the interfaces in a pixel between 
55 the liquid crystal regions 9 and the polymer walls 8 which cause the light scattering, it is preferred that the 
weak light-irradiated regions largerthan the pixel electrodes 2 are formed. In this case, a light regulating means 
which allows UV-rays to radiate to only the portions other than the pixels can be used. In particular, as the 
light regulating means, a photomask can be used, whereby the intensity of light scattering In the pixels is de- 
creased and contrast of the liquid crystal display device can be improved. 
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Any shape of the masking portions can be used as long as the intensity of UV-rays in 30% or more of all 
of the pixels is decreased. In the present example, a masking portion corresponding to a circle, a square, a 
trapezoid, a hexagon, a rectangle, a diamond shape, a letter shape, a shape surrounded by a curved line(s) 

5 and/or a straight line(s) can be used, although it is not limited to these shapes. A configuration obtained by 
cutting a part of these shapes; a configuration obtained by the combination of the different shapes; a config- 
uration obtained by the combination of the same shapes; and the like can be used. When the present invention 
is put into practical use. one or more of these shapes are selected. In order to improve uniformity of the liquid 
crystal regions. It is preferred to limit the configuration to one shape with the same size. 

10 In the present example, another light regulating means can be used in place of a photomask. For example, 
a microlens, an interfering plate, etc. capable of forming a regular distribution of the intensity of UV-rays can 
be used. Such light regulating means can be provided inside or outside the liquid crystal display device, as 
long as strong UV-rays and weak UV-rays can be irradiated in a regular manner. In the case where a photomask 
is used, if a distance between the liquid crystal layer and the photomask is made large, an image Is blurred 

15 due to the light passed through the photomask and weak light-irradiated regions become unclear, resulting in 
decreased advantages of the present invention. Thus, it is preferred that the photomask is placed as dose as 
possible to the liquid crystal layer. 

(Irradiation light) 

20 

UV-rays used In the present example are desirably parallel rays, although a light beam and line light can 
be used. In the case of a liquid crystal display device using ferroelectric liquid crystal, light with a slightly poorer 
degree of parallellzation can be used. More specifically, In the case of the liquid crystal display device using 
ferroelectric liquid crystal, It is required to improve shock resistance. For that purpose, it is effective to provide 
25 smaller liquid crystal regions at the periphery of the liquid crystal regions as a buffer substance. Instead of 
using light with a slightly poorer degree of parallellzation, a light regulating means such as a photomask having 
end portions which allow more light to pass therethrough toward the outside thereof can be used, or the pho- 
tomask can be placed at a distance from a cell body. In the present example, ordinary light including UV-rays 
can be used. 

30 Accordingtothepresentexample.theweaklight-irradiatedregionsaimostcorrespondingtorequired liquid 
crystal regions In terms of position are formed, whereby a polymerizable material can regularly be optically 
polymerized and uniform liquid crystal regions can regularly be positioned in a direction along the surface of 
the substrate. 

35 (An optimum thickness of a liquid crystal layer) 

An optimum thickness of a liquid crystal layer Is varied depending upon the display mode. 

(A method for Injecting a mixture between substrates) 

40 

In the present example, two substrates are attached to each other by the conventional general method, 
and after that a mixture containing the liquid crystal material and the light-curable material is injected between 
the substrates. Alternatively, before the two substrates are attached to each other, the mixture is dropped or 
coated onto one substrate, and under this condition, UV-rays are irradiated to the substrate to cure the llght- 

45 curable material. Then, the two substrates are attached to each other. The latter method has the advantage 
In that spacers and the like are not required for regulating the thickness of the liquid crystal layer. 

Alternatively, an injection method shown in Figure 7 (a front view) and Figure 8 (a cross-sectional view) 
can be used. According to this method, in a cell in which two substrates 51 and 52 facing each other are sealed, 
at least two openings 52a and 52b are formed in the substrate 52. While air is taken out of one opening 52a, 

50 a mixture is injected though the other opening 52b into the cell by using a injector 53 shown In Figure 9. As 
to the position of the openings, one or more opening can be pn^vided in one substrate and the remaining open- 
ings can be provided in a sealed portion. The air in the cell can be vacuumed through an opening from outside 
thereof. In this case, it is preferred that the degree of decompression be in the range of 200 Pa to atmospheric 
pressure in the opening to which a vacuum is applied. Moreover, it is also possible that while pressure is applied 

55 from one opening, a mixture Is Injected from that opening to which pressure is applied. In this case, it is pre- 
ferred that the degree of pressure be in the range of atmospheric pressure to 10® Pa. 
This injection method can be applied to Example 1, 
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(A method for an orientation treatment) 

Examples of a method for an orientation treatment Include a rubbing method in which after a polymer ma- 
5 terial such as polyimide and an inorganic material are coated onto a surface of a substrate, the resulting sub- 
strate is rubbed by using a cloth; a homeotropic method in which a surfactant compound with low surface ten- 
sion is coated onto a substrate; and a diagonal orientation method in which Si02 is vapor-deposlted onto a 
substrate. 

10 (An orientation film) 

In the present example, substrates with orientation films can be used. In this case, as shown In Figures 
lOAand 1 0B, orientation films 8a and liquid crystal molecules in the liquid crystal regions 9 are in direct contact 
with each other, whereby the liquid crystal molecules can be oriented. 
15 A preferred orientation film will be described in defail in Example 9. 

(A polymerizable material) 

Apolymerizable material is mixed with a liquid crystal material to form a mixture. Finally, the polymer thus 
20 obtained functions as a wall supporting two substrates and the liquid crystal regions. Thus, the selection there- 
of is important. The polymerizable material useful for the present example is a light-curable monomer. In ad- 
dition, other polymerizable materials can be used. Examples of the light-curable monomer include acrylic acids 
and acrylic esters having a long chain alkyi group containing three or more carbons or an aromatic ring. More- 
over, examples thereof include isobutyl acrylate, stearyl acrylate, lauryl acrylate, isoamyl acrylate, n-butyl- 
25 methacrylate, n-lauryl methacrylate, tridecyl methacrylate, 2-ethylhexyl acrylate, n-stearyl methacrylate, cy- 
clohexyl methacrylate, benzyl methacrylate, and 2-phenoxyethyl methacrylate. 

In order to increase the physical strength of the polymer, multi-functional materials with two or more func- 
tional groups, such as bisphenol Adimethacrylate, bisphenol Adiacrylate, 1,4-butanedlol dimethacrylate, 1,6- 
hexanediol dimethacrylate, trimethylol propane triacrylate, and tetramethylolmethane tetra acrylate can be 
30 used. 

Moreover, a polymerizable material obtained by halogenating, In particular, by chlorinating orfluorinating 
the above-mentioned monomer can be used. Examples of this polymerizable materia! Include 2,2,3,4,4,4-hex- 
aphlorobutyl methacrylate, 2.2,3,4,4, 4-hexachlorobutyl methacrylate, 2,2,3, 3-tetraphloropropyl methacry- 
late, 2.2,3,3-tetraphloropropyl methacrylate, perphlorooctyl methacrylate, perchlorooctylethyl methacrylate, 
35 perphlorooctylethyl acrylate, and perchlorooctylethyl acrylate. 

The above-mentioned polymerizable material can be used alone or in a combination of two or more kinds 
thereof. If required, chlorinated and/or fluorinated polymers or oligomers can be mixed with the above- 
mentioned monomer. 

In the case where a thin film transistor (TFT) is used as a switching element, an electrical insulation prop- 
40 erty is required for a polymer as well as a liquid crystal material. Thus, a polymerizable material which has a 
specific resistance of 1 x 10^2 n-cm or more even in an uncured state is preferred. 

(A liquid crystal material) 

45 Examples of the liquid crystal used In the present invention include organic substances or organic mixtures 
which are in a liquid crystal state in the vicinity of an ordinary temperature, such as nematic liquid crystal (in- 
cluding liquid crystal for a dual frequency drive and liquid crystal with anisotropy of dielectric constant A8< 0), 
cholesteric liquid crystal (In particular, liquid crystal having a selective reflection characteristic with respect to 
visible light), smectic liquid crystal, ferroelectric liquid crystal (e.g., SmC*), and discotic liquid crystal. 

50 As the ferroelectric liquid crystal, linear molecules having a hard core portion and an optically active portion 
in the molecules can be used. Moreover, it Is also possible that a guest-host mode liquid crystal display device 
using the ferroelectric liquid crystal material to which a multi-color dye is added is manufactured, and this de- 
vice is combined with one polarizing plate to form a liquid crystal display device. As a ferroelectric liquid crystal 
prepolymer, a compound obtained by binding one part of the above-mentioned ferroelectric liquid crystal with 

55 a polymerizable functional group can be used. Examples of the polymerizable functional group include an ac- 
rylate group, a methacrylate group, an epoxy group, etc. Examples of the ferroelectric liquid crystal prepolymer 
include compounds disclosed in Japanese Laid-Open Patent Publication Nos. 62-277412, 63-264829, and 63- 
280742. Moreover, a curable resin which is not liquid crystal can be added to liquid crystal to such a degree 
that the response speed of the liquid crystal display device is not deteriorated. 
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Two or more liquid crystal materials can be mixed. In particular, nematic liquid crystal or nematic liquid 
crystal to which cholesteric liquid crystal or a chiral agent is added is preferred in view of the properties thereof. 
Moreover, photopolymerization is involved during the manufacturing of liquid crystal regions, so that a liquid 
5 crystal material excellent In resistance to chemical combination reactivity without being modified during the 
polymerization is preferably used. An example thereof Includes liquid crystal having an Inactive functional group 
such as a fluorine atom in its compound, e.g.. ZLI-4801-000, ZLI-4801.001, and ZLI-4792 which are available 
from Merck & Co.. Inc. 

10 (Conditions for forming liquid crystal regions) 

It is difficult to separately form light scattering type and non light scattering type liquid crystal regions. In 
general, liquid crystal regions which have a diameter of less than 20 \im in a cell and are uniformly formed In 
a pixel can be used in a liquid crystal display device suitable for a light scattering type. In contrast, liquid crystal 

15 regions which have large horizontal portions which are parallel with the substrates can be used In a liquid crys- 
tal display device suitable for a non light scattering type. 

The size of liquid crystal regions depends upon the shape of the masking portions of a photomask, a de- 
gree of parallelization of light of a light Irradiation device, and a photopolymerization rate, respectively. The 
shape of the masking portions is an important factor for determining the size of the liquid crystal regions. When 

20 the shape of the masking portions is determined, an outline of the liquid crystal regions is almost determined. 
The degree of parallelization of light Is a factor for determining whether light can exactly be irradiated to 
a mixture containing liquid crystal, a llght^urable material, and a photopolymerization initiator, as in the form 
of the shape of the masking portions of the photomask. The degree of parallelization of light also Influences 
the amount of light leaked from light-irradiated regions to weak light-irradiated regions. Because of such leaked 

25 light, the light-curable material present in the weak light-Irradiated regions is cured before moving into the light- 
Irradiated regions; as a result, small liquid crystal regions which are suitable for a light scattering type liquid 
crystal display device are formed in the weak light-irradiated regions. 

In the case of a high photopolymerization rate, the light-curable material is cured even due to slightly leaked 
light, and consequently, polymer walls are formed in the weak light-irradiated regions. Examples of a factor 

30 for determining the photopolymerization rate include added amounts of the photopolymerization Initiator, the 
intensity of light Irradiation, the kind of the polymerizable material, and the like. 

(A display mode) 

35 The liquid crystal display device manufactured In the present example Is sandwiched by two polarizing 
plates, whereby a liquid crystal display device of a TN mode, an STN mode, an ECB mode, and a guest-host 
mode (in which the drive voltage characteristic curve is steep); and a ferroelectric liquid crystal display device 
can be manufactured. One polarizing plate can be provided only on the side of one substrate. Namely, when 
a polarizing plane of light is changed by electrically regulating the orientation direction in liquid crystal which 

40 is obtained by adding a dichroic dye to ferroelectric liquid crystal, only one polarizing plate can be used. 

(Ability for regulating the orientation of liquid crystal molecules) 

In the case where light is irradiated to the mixture containing the liquid crystal molecules and the light- 
45 curable material under the condition that weak light is irradiated to some parts of the mixture as In the present 
Invention, a thin polymer film is sometimes retained on the surface of the substrate even In the liquid crystal 
regions. Thus, the ability of the orientation films on the substrates is sometimes decreased. The liquid crystal 
molecules can be aligned depending upon the light Irradiation conditions as in applications described later by 
completely removing the ability of the orientation films. More specifically, domains in the liquid crystal regions 
50 are aligned in a radial manner or a random manner, and when a voltage is applied, the liquid crystal molecules 
stand in almost the same way when seen from any direction. Thus, the refractive index no longer depends upon 
the direction in which the liquid crystal display device Is seen, and the characteristics of the viewing angle can 
be improved. In this case, orientation films are not required, so that the number of manufacturing steps (coating 
of orientation films, rubbing treatment, washing, etc.) can greatly be reduced, which is industrially advanta- 
55 geous. 

Liquid crystal molecules can be in homeotropic orientation in which the liquid crystal molecules stand on 
end with respect to the cell by using a homeotropic orientation film with a strong ability for regulating the ori- 
entation. When a voltage is applied to the liquid crystal display device using homeotropic orientation films, the 
liquid crystal molecules tilt toward each polymer wall at a certain angle due to the interaction between the liquid 
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crystal molecules and the polymer material. Thus, the same refractive index is obtained when seen from any 
direction, Improving the characteristics of the viewing angle. 
The following is also confirmed in the present example: 
5 In the case where a liquid crystal material with a strong orientation ability, such as ferroelectric liquid crystal 

Is used, the liquid crystal molecules in the material can be aligned along the orientation state of the substrate 
even in the present invention In which the ability for regulating the orientation of substrates is decreased. 

(Others) 

10 

In the present example, a simple matrix drive system, an active drive system using a TFT, an MIM. etc. 
can be applied; however, the drive system is not limited thereto. 

Moreover, in the liquid crystal display device of the present example, a color display can be performed by 
providing a color filter on a pixel. 
15 Hereinafter, applications for Example 2 will be described. 

Application 3 

A plurality of electrode lines formed of ITO with a thicl<ness of 50 nm were formed on a PET film with a 

20 thicicness of 0.25 mm. Substrates were formed, two PET films thus obtained being counted as one set. The 
width of the electrode line, the gap between the adjacent electrode lines, and the number of the electrode 
lines were 200 ^m, 50 ^m, and 20, respectively. Polyimide (SE150: manufactured by Nissan Chemical Indus- 
tries Ltd.) was coated onto one set of substrates by a spin coating method, and the substrates were subjected 
to rubbing in one direction with a nylon cloth, whereby orientation films were formed. 

25 The resulting two substrates were combined so that the electrode lines on each substrate crossed each 
other at right angles. A gap between the substrates were kept at a predetermined size by inserting spacers 
with a diameter of 6 ^im between the substrates, whereby a cell was formed. 

A photomask was placed on the cell under the condition that masking portions of the photomask cover 
each pixel 9a as shown in Figure 4. A homogeneous mixture containing 0.1 g of trimethylol propane trimetha- 

30 crylate, 0.9 g of 2-et hylhexyl acrylate, 4 g of a mixture in which 0.3% cholesteric nanonate (CN) was added to 
a ferroelectric liquid crystal material (ZLI-3700-000, manufactured by Merck & Co., Inc.), and 0.03g of a pho- 
topolymerization initiator (Irgacure 184. manufactured by CIBA-GEIGY Corporation) was injected into the cell. 

Next, the mixture was irradiated with UV-rays through the photomask at an illuminance of 10 mW/cm^ for 
2 minutes by using a high-pressuiB mercury lamp which can provide parallel rays, whereby the polymerizable 

35 material in the mbcture was cured. 

The liquid crystal display device manufactured as described above was cut, and one substrate was peeled 
off from the other substrate. The liquid crystal material was washed away with acetone, and after that, the 
liquid crystal layer was observed by an SEM. As a result, it was confirmed that uniformly aligned liquid crystal 
regions having the same regularity as those of a dot pattern of the photomask and a pbcel pattern and having 

40 almost the same size as that of the dot pattern were formed. 

Moreover, polarizing plates were attached to another liquid crystal display device manufactured in the 
same way as the above so that the polarizing direction of the polarizing plates coincides with the orientation 
direction of the substrates, thereby obtaining a polymer matrix TN liquid crystal display device. 

45 Comparative Example 3 

As a comparative example with respect to Application 3, a TN liquid crystal display device with a conven- 
tional structure was manufactured as follows: 

Two glass plates with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufactured by Nip- 
50 pon Sheet Glass Co., LTd.) were used in place of the substrates of Application 3. Acell was formed in the same 
way as in Application 3, only the same liquid crystal material as that of Application 3 was injected into the cell, 
and polarizing plates were attached to the cell so that the polarizing direction of the polarizing plates coincided 
with the orientation direction of the substrate, whereby a liquid crystal display device was manufactured. 

55 Comparative Example 4 

In addition, as a comparative example with respect to Application 3, a liquid crystal display device with a 
conventional structure was manufactured as follows: 

Acell was formed In the same way as in Application 3. The same mixture containing the liquid crystal and 
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the light-curable material as that of Application 3 was Injected intothe cell, and afterthat, the cell was irradiated 
with UV-rays without a photomask, whereby a polymer dispersed TN liquid crystal display device was pro- 
duced. 

Table 1 shows contrast characteristics of the liquid crystal display device of Application 3 and of the liquid 
crystal display devices of Comparative Examples 3 and 4. 



Table 1 



Comparison of contrast characteristics 




Application 3 


Comparative Example 3 


Comparative Example 4 


Contrast 


38 


41 


9 



It is understood from Table 1 that the liquid crystal display device of Application 3 has an electro-optic char- 
acteristic comparable to that of Comparative Example 3. Compared with the conventional polymer dispersed 
TN liquid crystal display device of Comparative Example 4, the liquid crystal display device of Application 3 
has higher contrast due to less light scattering in the pixels. Moreover, in the liquid crystal display device of 
Application 3, two substrates are securely supported by the polymer walls as described above, so that sub- 
strates formed of a PET film can be used. When other plastic films or glass substrates were used Instead of 
the PET film, the same advantages were obtained. 

Application 4 

Cytop (manufactured by Asahi Glass Co., Ltd.) was coated onto the same substrate as that of Application 
3 so that the Cytop had a thickness of 0.2 ^im. Next, spacers were dispersed on one substrate, and the other 
substrate was placed thereon to form a cell in the same way as in Application 3. Then, the same photomask 
as that of Application 3 was placed in the same way as in Application 3. A homogeneous mixture containing 
0.1 g of trimethylol propane trimethacrylate, 0.9 g of lauryl acrylate, 4 g of a liquid crystal material (ZLI-4788- 
000, manufactured by Merck & Co., Inc.), and 0.03 g of a photopolymerlzatlon initiator (Irgacure 184, manu- 
factured by CIBA-GEIGY Corporation) was injected into the cell. 

Next, the cell was irradiated with UV-rays through the photomask at an illuminance of 10 mW/cm^ for 2 
minutes by using a high-pressure mercury lamp which can provide parallel rays, whereby the polymerlzable 
material in the mixture was cured. 

The liquid crystal display device manufactured as described above was cut, and one substrate was peeled 
off from the other substrate. The liquid crystal material was washed away with acetone, and after that, the 
liquid crystal layer was observed by an SEM. As a result, it was confirmed that uniformly aligned liquid crystal 
regions having the same regularity as those of a dot pattern of the photomask and a pixel pattern and having 
almost the same size as that of the dot pattern were formed. 

Moreover, polarizing plates were attached to another liquid crystal display device manufactured in the 
same way as the above so that each polarizing direction thereof crossed each other at right angles, whereby 
a polymer dispersed ECB liquid crystal display device was manufactured. 

As shown in Figure 11 A, in an ordinary ECB liquid crystal display device, liquid crystal molecules e are In 
a homeotropic orientation having a tilt angle of several degrees when no voltage Is applied. Therefore, as shown 
in Figure 11 B, when a voltage is applied, the liquid crystal molecules e tilt in the same direction. As a result, 
the apparent refractive index is different depending upon direction of observation, and retardation ( A n d, 
where A n is a birefringence of liquid crystal molecules and d is a thickness of a liquid crystal cell) is changed, 
causing an inversion phenomenon in which black and white are inverted depending upon the position of ob- 
servation and nonuniform contrast In contrast, in the case where the mixture containing the liquid crystal and 
the light-curable material is irradiated with light having an illuminance distribution, a thin polymer layer is 
formed between the substrate and the liquid crystal to decrease the ability of the orientation f ilm on the sub- 
strate for regulating the orientation. However, it was confirmed that when a homeotropic orientation film with 
a strong ability for regulating the orientation was used as in Application 4, the liquid crystal molecules were in 
a homeotropic orientation. More specifically. It was observed that the liquid crystal molecules e stood on end 
with respect to the cell as shown In Figure 12A. When a voltage Is applied to the cell, as shown in Figure 12B, 
the liquid crystal molecules e tilt toward each polymer wall due to the Interaction between the liquid crystal 
and the polymer walls. Thus, the refractive index becomes almost the same, when seen from any direction 
with a certain angle from a vertical direction of the cell, greatly improving the characteristics of the viewing 
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angle. 

Ck)mparatlve Example 5 

5 

As a comparative example with respect to Application 4, an ECB liquid crystal display device with a con- 
ventional structure was manufactured as follows: 

Two glass plates with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufactured by Nip- 
pon Sheet Glass Co.. Ltd.) were used instead of the substrates of Application 4. Acell was formed in the same 
10 way as in Application 4. The liquid crystal material (ZLI-4788-000) which was the same as that used in Appli- 
cation 4 was injected into the cell. Two polarizing plates were attached to the cell so that each polarizing di- 
rection thereof crossed each other at right angles, whereby a conventional liquid crystal display device was 
manufactured. 

15 Comparative Example 6 

As a comparative example with respect to Application 4, a liquid crystal display device was manufactured 
as follows: 

A cell was formed In the same way as in Application 4. The same mixture containing the liquid crystal and 
20 the light-curable material as that of Application 4 was injected into the cell. Then, the cell was irradiated with 
UV-rays without a photomask in the same way as in Application 4, whereby a polymer dispersed ECB liquid 
crystal display device was manufactured. 

Table 2 shows the contrast characteristic of the liquid crystal display device of Application 4 together with 
those of Comparative Examples 5 and 6. 

25 

Table 2 



Comparison of contrast characteristics 




Application 4 


Comparative Example 5 


Comparative Example 6 


Contrast 


32 


35 


8 



It is understood from Table 2 that the liquid crystal display device of Application 4 has an electro-optic char- 
acteristic comparable to that of Comparative Example 5. Compared with the conventional polymer dispersed 
liquid crystal display device of Comparative Example 8. the liquid crystal display device of Application 4 has 
higher contrast due to less light scattering in pixels. As to the characteristics of the viewing angle, in Compar- 
ative Example 5, inversion phenomenon was caused when seen from various directions, and in Application 4. 
such phenomenon was not caused and a large viewing angle was obtained. Moreover, in the liquid crystal dis- 
play device of Application 4, substrates formed of PET films can be used. When other plastic films or glass 
substrates were used Instead of the PET film, the same advantages were obtained. 

Application 5 

ITO films with a thickness of about 1000 Angstroms were formed on two glass substrates by a vapor de- 
position method, and a plurality of electrode lines were provided in parallel on the substrates by a wet etching 
method. Polyimide orientation films with a thickness of about 500 Angstroms were coated onto surfaces of 
the substrates, on which the electrode lines were formed, by a spin coating method. The resulting substrates 
were baked at ISO^'Cfor one hour and subjected to a uniaxial rubbing treatment, whereby orientation films were 
formed thereon. In order to regulate cell thickness, silica beads with a diameter of 2 ^m were dispersed on 
the substrate as spacers, and two substrates were attached to each other, whereby a cell was formed. 

It is noted that the rubbing treatment was conducted so as to obtain the same rubbing treated directions 
of the substrates, when the two surfaces of the substrates having the electrode lines faced each other so that 
the electrode lines crossed at right angles. 

Next, a homogeneous mixture containing 0.80 g of ferroelectric liquid crystal composition (ZLI-4003, man- 
ufactured by Merck & Co., Inc.), 0.02 g of polyethylene glycol diacrylate (NK ESTER A-200, manufactured by 
Shin Nakamura Chemical Industrial Co., Ltd.) as a polymerizable material, and 0.18 g of lauryl acrylate (NK 
ESTER LA, Shin Nakamura Chemical Industrial Co., Ltd.) was injected between the substrates. This mixture 
is in a nematic phase state or an isotropic liquid phase state at an ordinary temperature. The phase transition 
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temperature of this mixture is shown below: 

SmC* 25°C -> SmA <- 31°C ^ cholesteric phase 35*»C -> isotropic phase 

Next, a photomask was placed on the cell in the same way as in Application 3. The mixture was irradiated 
5 with UV-rays through the photomask at an illuminance of 1 0 mW/cm^ for 2 minutes by using a high-pressure 
mercury lamp which can provide parallel rays, under the condition that the mixture was in a nematic phase or 
an isotropic liquid phase. The polymerizable material was cured by this irradiation, and a phase separation 
occurred in the mixture. 

The phase separation was observed by a microscope, revealing that the polymer walls 8 were not formed 
10 in regions which were not covered with masking portions of the photomask, and the polymer walls 8 were 
formed in regions to which the UV-rays were irradiated and In the vicinity thereof as shown in Figure 3. 

Moreover, the observation of the cell by a polarizing microscope having crossed Nicols revealed the fol- 
lowing: 

Center portions of the liquid crystal regions were In an ordinary surface stabilized ferroelectric (SSF) type 
15 orientation in the rubbed direction of the substrate. The orientation was rapidly changed in the vicinity of the 
polymer walls to be in a homeotropic orientation. On the other hand, in the regions to which the UV-rays were 
Irradiated, light scattering occurred. 

In the case where the mixture containing the liquid crystal and the light-curable material was irradiated 
with light having an illuminance distribution as In Application 5, even though a horizontal orientation film with 
20 weak ability for regulating the orientation is used, the liquid crystal molecules can be aligned in the orientation 
direction of the substrate by using a liquid crystal material such as ferroelectric liquid crystal (FCL) excellent 
In regulating ability. 

Furthermore, the ferroelectric liquid crystal cell thus manufactured was placed under a microscope having 
crossed Nicols and applied with a memory pulse. It was confirmed that in the liquid crystal regions to which 

25 weak light was Irradiated, the same switching as that obtained in an ordinary SSF type cell was obtained. In 
addition, when quenching phases of the cell and a polarizing piate were aligned so that switching occurred 
between a complete quenching state and a light transmission state, it was observed that the light irradiated 
regions have brightness between on and off states due to the leakage of light caused by disturbance of the 
orientation of the liquid crystal molecules and due to light scattering, even under the condition that an electrical 

30 field was not applied. 

When other plastic films or the like were used Instead of the glass substrate, the same results as the above 
were obtained. 

Comparative Example 7 

35 

As a comparative example with respect to Application 5, a liquid crystal display device was manufactured 
as follows: 

A cell was formed in the same way as in Application 5. A liquid crystal material (2LI-4003) was injected 
Into the cell, followed by being sealed, whereby a liquid crystal display device was manufactured. 

40 

Comparative Example 8 

A liquid crystal display device was manufactured in the same way as In Application 5 and by using the 
same materials as those of Application 5, except that a photomask was not used during the light irradiation 
45 step. 

Table 3 shows the contrast characteristic of the liquid crystal display device of Application 5 together with 
those of the liquid crystal display devices of Comparative Examples 7 and 8. 



Table 3 





Application 5 


Comparative Example 7 


Comparative Example 8 


Contrast 


35 


40 


8 



It is understood from Table 3 that the liquid crystal display device of Application 5 has an electro-optic char- 
acteristic comparable to that of Comparative Example 7. Compared with the conventional liquid crystal display 
device of Comparative Example 8, the liquid crystal display device of Application 5 has higher contrast due to 
less light scattering in the pixels. Moreover, in the liquid crystal display device of Application 5, even when plas- 
tic films or the like were used, the same advantages were obtained. 
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In the liquid crystal display device of Comparative Example 8, when the mixture of the liquid crystal and 
the polymerizable material was irradiated with UV-rays, the polymerlzable material was almost uniformly 
cured, whereby a phase separation was caused between the liquid crystal and the polymerizable material. 
When the portion where the phase separation occurred was observed by a microscope, it was revealed that 
the liquid crystal regions 9 were randomly dispersed in the polymer walls 8 almost over that portion as shown 
In Figure 13. Moreover, when this cell was observed by using a polarizing microscope having crossed Nicols, 
it was confirmed that light scattering occurred in the polymer walls 8 and center portions of the liquid crystal 
regions 9 were in nearly an SSF type orientation along the rubbed direction of the substrate, and the orientation 
of the liquid crystal molecules became more random toward the polymer walls 8. 

The ferroelectric liquid crystal cell thus obtained was sandwiched by polarizing plates so that the polarizing 
directions thereof crossed each other at right angles and applied with a memory pulse, confirming that the 
same switching as that of an ordinary SSF type cell was conducted. However, in the case of a reverse switch- 
ing, complete quenching was not obtained and the orientation seemed to be partially nonuniform. The inspec- 
tion of this nonuniform portion by the polarizing microscope revealed that light scattered in the polymer walls 
8. and light was leal<ed due to the disturbance of the orientation of the liquid crystal molecules in the vicinity 
of the polymer walls. 

Table 4 shows the shock resistance of the liquid crystal display devices of Application 5, Comparative Ex- 
amples 7 and 8. These results were obtained by applying a pressure of 5 kg/cm2 to the respective liqukj crystal 
display devices and observing the change in the orientation of the liquid crystal molecules thereof. 



Table 4 



Results of pressure test 


Application 5 


The orientation of the liquid crystal nnolecules were slightly disturbed only 
in a pixel present in a boundary portion between the pressurized region 
and the non-pressurized region. No problem was caused In terms of practi- 
cal use. 


Comparative Example 7 


The orientation of the liquid crystal molecules was disturbed from the pres- 
sured point up to the periphery thereof. A problem was caused in terms of 

practical use. 


Comparative Example 8 


The orientation was disturbed in a pixel in a boundary portion between the 
pressurized region and the non-pressurized region. A problem was caused 
in terms of practical use. 


Table 5 shows the change of the orientation in the case where the above-mentioned three liquid crystal 
display devices were dropped from a height of 30 cm. 

Table 5 


Results of drop test 


Applicatbn 5 


Distinct disturbance of the orientation was not acknowledged. 


Comparative Example 7 


The orientation was disturbed over the entire region. 


Comparative Example 8 


Distinct disturbance of the orientation was not acknowledged. 



As is understood from these tables, in the case of Application 5, there are no problems in the pressure 
test and in the drop test. In the case of both of Comparative Examples 7 and 8. there are problems in the pres- 
sure test and/or in the drop test. 



Application 6 

Two substrates on which a plurality of electrode lines were formed and which were subjected to a rubbing 
treatment in the same way as in Application 5 were prepared. A homogeneous mbcture containing 0.80 g of 
ferroelectric liquid crystal composition (ZLI-4003, manufactured by Merck & Co., Inc.). 0.02 g of polyethylene 
glycol acrylate as a polymerizable material (NK ESTER A-200, manufactured by Shin Nakamura Chemical In- 
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dustrial Co., Ltd.), 0.18 g of lauryl acrylate as a polymerizable material (NK ESTER LA, manufactured by Shin 

Nakamura Chemical Industrial Co., Ltd.) and silica beads with a diameter of 2 jim was coated onto one of the 

substrates under the condition that the mixture was in a nematic phase state or in an isotropic liquid phase 
5 state at an ordinary temperature. Then, the two substrates were attached to each other in the same way as 

In Application 5, whereby a cell was formed. A phase transition temperature of the mixture Is shown below: 

SmC* <r- aS^'C SmA<- 3rc cholesteric phase 35^C isotropic phase 

Next, a photomask was placed on the cell in the same way as in Application 5. The mixture was irradiated 

with UV-rays through the photomask under the same condition as that of Application 5, whereby the polymer- 
10 izable material in the mixture was cured. As a result a phase separation occurred between the liqukJ crystal 

and the polymer. 

The observation of the cured portion of the mixture revealed that the polymer walls were not formed in 
the regions which were not covered with the masking portions of the photomask and the polymer walls were 
formed In the light Irradiated regions and in the vicinity thereof. 

15 As described above, the liquid crystal display device of Application 6 was obtained by coating the mixture 
onto one of the glass substrates on which the electrodes and orientation films were formed under the condition 
that the mixture was in a nematic phase state or an isotropic liquid phase state and attaching both of the glass 
substrates. There was no disturbed orientation in the liquid crystal display device thus obtained. However, in 
the case where the two glass substrates having the electrodes and the orientation films were attached to each 

20 other, and then the mixture containing the liquid crystal and the polymerizable material was injected between 
the substrates under the condition that liquid crystal molecules were In a nematic state or an isotropic state, 
as described in Application 5. distinct disturt)ance of the orientation was observed by a microscope in the vi- 
cinity of the hole for injection and in the vicinity of the sealing. 

In Example 2, one liquid crystal region was provided in one pixel or one liquid crystal region was formed 

25 In two or more pixels. The present invention is not limited thereto. For example, it Is also possible in the present 
Invention that at least one liquid crystal region is provided in one pixel and another one or more liquid crystal 
region or a part thereof is provided in the same pixel. This structure Is effective for enlarging a screen by in- 
creasing the size of each pixel for the following reasons: 

When a photomask which completely covers a large pixel, an unreacted polymerizable material present 

30 In a center of the pixel is polymerized due to the leaked light during the irradiation of light; as a result, a number 
of liquid crystal regions or polymer islands are formed (which become a source for light scattering). Thus, con- 
trast is remarkably decreased. On the other hand, a plurality of weak light-Irradiated regions are formed In a 
pixel so that the above-mentioned structure is obtained. In this case, masking portions of a photomask to be 
used become small and an unreacted polymerizable material does not remain in the center of the pixel, so 

35 that a number of liquid crystal regions or polymer Islands are not formed. Thus, satisfactory contrast can be 
obtained. In particular, in the case where a longitudinal side of the pixel exceeds 200 ^m, this structure Is ef- 
fective. In the case where a longitudinal side of the pixel exceeds 200 ^m, the maximum diameter of each weak 
light-irradiated region is preferably in the range of 20 to 500 ^im, and more preferably in the range of 50 to 200 
urn. In the case where the maximum diameter Is less than 20 ^m, contrast Is remarkably decreased due to a 

40 number of polymer walls In the pixel. In the case where the maximum diameter Is more than 500 ^im, a light- 
curable material present in the center of the pixel is not likely to move to the end of the pixel. Thus, the liquid 
crystal regions cannot be formed substantially corresponding to the shape of the masking portions of the pho- 
tomask. As to the position of the weak light-Irradiated regions, It is preferred that the weak light-irradiated re- 
gions are provided so as to make the maximum diameter thereof as small as possible. 

45 

Example 3 

Example 3 is a non light scattering type liquid crystal display device in which characteristics of the viewing 
angle and contrast are improved. The non light scattering type liquid crystal display device will be described 
50 by way of illustrating Applications. 

Application 7 

ITO (mixture of indium oxide and tin oxide) with a thickness of 500 Angstroms was provided on a glass 
55 substrate (flint glass: 1 .1 mm thickness). Then, polyimlde (SE1 50, manufactured by Nissan Chemical Industries 
Ltd.) was coated onto the substrate by a spin coating method, whereby an orientation film was formed thereon. 
In this way, two substrates were formed. 

Spacers with a diameter of 5 |im were dispersed on one substrate, and the other substrate was placed 
thereon so that the gap therebetween was kept at a predetermined size, whereby a cell was formed. 
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A photomask 43 shown In Figure 14 having square masking portions 43a, each side being 200 ^im was 
placed on the cell thus formed. Each square masking portion 43a was provided with an interval of 50 \im. In 
the cell, a homogeneous mixture containing 0.9 g of isobornyl methacrylate, 0.1 g of acrylate with two func- 
5 tlonal groups, i.e., a photopolymerizable compound (R-684, manufactured by Nippon Kayaku K.K.). 4 g of a 
mixture in which 0.3% by weight of a chirai agent {S-811, manufactured by Merck & Co., Inc.) was added to 
liquid crystal material (ZLI-4792, manufactured by Merck & Co.. Inc.), and 0.02 g of a photopolymerlzation Ini- 
tiator (Irgacure 184, manufactured by CIBA-GEIGY Corporation) was injected. 

The cell was Irradiated with UV-rays by using a high-pressure mercury lamp which can provide parallel 
10 rays. This irradiation was conducted under the condition that one cycle (including one second irradiation at 
an illuminance of 15 mW/cm^ and 30 seconds non-irradiation) was repeated 20 times and then the irradiation 
was continuously conducted for 5 minutes. Thus, the polymerizable material was cured. 

The resulting cell was observed by a polarizing microscope, which revealed the followings: 
As shown In Figure 24A, 24B, 240 or 24D, an outside liquid crystal region d' was formed. The respective 
15 outside liquid crystal regions d' were formed with the same regularity as that of a dot pattern of the photomask 
43 (or a pixel), each region d' having almost the same size. Moreover, liquid crystal domains g in each outside 
liquid crystal region d' were oriented in an omnidirectfon on a surface parallel with the surface of the substrate, 
and an inside liquid crystal region d was formed being surrounded by each outside liquid crystal region d'. 
Polarizing plates were attached to the resulting cell, thereby manufacturing a liquid crystal display device. 

20 

Comparative Example 9 

As a comparative example with respect to Application 7, a cell was formed in the same way as in Application 
7. Then, the same liquid crystal material (in which 0.3% of S-811 was added) was injected into the cell thus 
25 formed. Polarizing plates were attached to the cell so that each polarizing direction thereof was aligned with 
the orientation direction of the cell, whereby a conventional TN liquid crystal display device was manufactured. 

Comparative Example 10 

30 Moreover, as a comparative example with respect to Application 7, a cell was formed in the same way as 
in Application 7. In the cell thus formed, a mixture containing liquid crystal, a light-curable material, and a pho- 
topolymerlzation initiator was injected in the same way as in Application 7. Then, the cell was Irradiated with 
UV-rays In the same way as in Application 7, except that a photomask was not used. The resulting cell was 
sandwiched by polarizing plates so that the polarizing directions of each polarizing plate crossed each other 

35 at right angles, whereby a conventional polymer dispersed liquid crystal display device was manufactured. 

Table 6 shows the electro-optic characteristics of the cell of Application 7 together with those of the cells 
of Comparative Examples 9 and 10. 



Table 6 



40 


Comparison of electro-optic characteristics 






Application 7 


Comparative Example 9 


Comparative Example 10 




Contrast 


30 


41 


9 


45 


Inversion phenomenon 
in halftone 


o 


X 


A 



For the purpose of measuring contrast, a cell and polarizing plates were combined so as to obtain a nor- 
50 mally white state, and contrast of the cell thus obtained was measured by a liquid crystal evaluation device 
(LC-5000, manufactured by Ohtsuka DenshI Co., Ltd.). It Is noted that a measurement value was taken as a 
ratio of light transmittance Tq with respect to light transmittance Tgat (To/Tsat). where the light transmittance Tq 
was obtained when a lens with a collecting angle of 24® from the vertical direction of the cell was used under 
no voltage applied, and the light transmittance Tsat was obtained when the above lens was used with a satur- 
55 ation voltage applied. In Table 6, a mark O shows a state in which inversion phenomenon hardly occurs; a mark 
X shows a state in which inversion phenomenon is easily observed; and a mark A shows a state in which in- 
version phenomenon is barely observed. 

As is understood from Table 6, the liquid crystal display device of Application 7 has electrooptic charac^ 
teristics comparable to those of the conventional TN liquid crystal display device of Comparative Example 9. 
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In particular, In Application 7, the Inversion phenomenon caused by changing the viewing angle as seen In the 
TN liquid crystal display device in a halftone Is not observed, and contrast obtained by observing In a direction 
with an angle of AO** from the vertical direction of the cell is hardly changed. Moreover, compared with the con- 
5 ventional polymer dispersed liquid crystal display device (Comparative Example 10), less light scattering oc- 
curs. Increasing contrast. In Comparative Example 10, as shown in Fugure 22 a great number of liquid crystal 
regions d were dispersed in one pixel and the diameter of each region Is very small. Thus, the liquid crystal 
display device thus obtained was a light scattering type. 

10 Application 8 

A homogeneous mixture containing 0.9 g of isobornyl methacrylate, 0.1 g of acrylate with two functional 
groups, i.e., a photopolymerizable compound (R-684, manufactured by Nippon Kayaku K.K.), 4 g of a mixture 
in which 0.3% by weight of a chiral agent (S-811. manufactured by Merck & Co., Inc.) was added to a liquid 
15 crystal material (ZLI-4792, manufactured by Merck & Co., Inc.), and 0.02 g of a photopolymerization Initiator 
(Irgacure 184, manufactured by CIBA-GEIGY Corporation) was injected into a cell manufactured In the same 
way as in Appllcatbn 7. 

The cell was covered with the photomask shown in Figure 14 and irradiated with UV-rays by using a high- 
pressure mercury lamp which can provide parallel rays at an illuminance of 1 5 mW/cm^ for 5 minutes, whereby 
20 a polymerizable material was cured. 

The cell thus obtained was observed by a polarizing microscope, which revealed the following: 
As shown In Figure 25, a plurality of circular liquid crystal regions d2 were formed at the end portions of 
a weak light-irradiated region b and a plurality of circular liquid crystal regions d1 were formed surrounded by 
the liquid crystal regions d2. Each liquid crystal region d2 was divided into one to several circular liquid crystal 
26 domains, and the respective domains were formed in a radial manner. Each liquid crystal region d1 was also 
divided into one to several circular domains, and each domain was randomly oriented. 

When a voltage is applied under this condition, the direction in which liquid crystal molecules stand is dif- 
ferent depending upon each liquid crystal domain. Therefore, when the weak light-Irradiated region Is seen 
from an omnidirection with a predetermined angle from the vertical direction of the weak light-irradiated region. 
30 an apparent refractive Index becomes almost constant. Thus, characteristics of the viewing angle in a halftone 
can be improved. 

Polarizing plates were attached to both sides of the cell thus manufactured so that each polarizing angle 
of the polarizing plates crossed each other at right angles. The electro-optic characteristic of the cell is shown 
in Table 7. 

35 

Table 7 



Comparison of electro-optic characteristics 




Application 8 


Application 9 


Contrast 


25 


19 


Inversion phenomenon in halftone 


O 


A 



45 

Application 9 

A homogeneous mixture containing 0.9 g of isobornyl methacrylate, 0.1 g of acrylate with two functional 
groups, i.e.. a photopolymerizable compound (R-684, manufactured by Nippon Kayaku K.K.), 4 g of a mixture 
50 in which 0.3% by weight of a chiral agent (S-811. manufactured by Merck & Co.. Inc.) was added to a liquid 
crystal material (ZLI-4792, manufactured by Merck & Co., Inc.), and 0.12 g of a photopolymerization initiator 
(Irgacure 184, manufactured by CIBA-GEIGY Corporation) was injected into a cell manufactured In the same 
way as in Application 7. 

The cell was covered with the photomask shown in Figure 14 and irradiated with UV-rays by using a high- 
65 pressure mercury lamp which can provide parallel rays at an Illuminance of 45 mW/cm^ for 5 minutes, whereby 

a polymerizable material was cured. 

The cell thus obtained was observed by a polarizing microscope, which revealed the following: 

As shown in Figure 23, a plurality of circular liquid crystal regions d were formed in a weak light-irradiated 

region b. Polarizing plates were attached to both sides of the cell thus manufactured so that each polarizing 
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angle of the polarizing plates crossed each other at right angles. The electro-optic characteristic of the cell is 
shown in Table 7. 

It is understood from the comparison of Applications 7, 8, and 9 based on Tables 6 and 7 that the inversion 

5 phenomenon in a half tone in the liquid crystal regions shown in Figure 25 of Application 8 is satisfactory to 
the same degree as that of Application 7, where the liquid crystal domains of the outside liquid crystal region 
are formed in a radial manner so as to surround another liquid crystal region; however, contrast is slightly less 
satisfactory than that of Application 7. Application 9 has a structure as shown in Figure 23, so that the inversion 
phenomenon occurs in a halftone and contrast is decreased. 

10 In Applications 7 to 9, UV-rays were irradiated at an illuminance in the range of 15 mW/cm^ of 45 mW/cm^ 
by using a high-pressure mercury lamp. The conditions for irradiation of UV-rays are different depending upon 
the composition of a mixture of liquid crystal and a polymerizable material and are not particularly limited. How- 
ever, in order to allow liquid crystal regions to sufficiently grow and to prevent damage to a liquid crystal material 
by UV-rays, the Illuminance Is preferably 60 mW/cm2 (measured at 365 nm) or less. 

15 The reason why a pulse irradiation is conducted at a cyde including one second irradiation and 30 seconds 
non-irradiation in Application 7 is as follows: 

In the case where a mixture containing liquid crystal and a light-curable material is irradiated with light 
having an illuminance distribution, the light-curable material in light-irradiated regions reacts to form the cores 
of the polymer walls. Then, the concentration of the light-curable material In the light-irradiated region is de- 

20 creased and the concentration gradient of the light-curable material is formed. As a result, an unreacted light- 
curable material in weak light-irradiated regions move to gather in the light-irradiated regions along the con- 
centration gradient, whereby the unreacted light-curable material moved into the light-irradiated regions are 
polymerized to form polymer wails. At this time, in the case where the light-curable material has a high poly- 
merization rate, the light-curable material in the weak light-irradiated regions is polymerized due to light leaked 

25 from the light-irradiated regions, before the light-curable material reaches the light-irradiated regions. There- 
fore, even in the weak light-irradiated regions, a plurality of liquid crystal regions are formed. If these liquid 
crystal regions are extremely small (e.g., 20 jim or less), light Is scattered at interfaces between the polymer 
walls and the liquid crystal regions, resulting in decreased contrast. For this reason, the extremely small liquid 
crystal regions are not preferred. In order to avoid this, the polymerization rate is made low, whereby the light- 

30 curable material In the weak light-irradiated regions can reach the light-irradiated regions completely, and a 
phase separation between the liquid crystal regions and the polymer walls can be made clear. This means 
that each pixel in the liquid crystal display device is almost covered with the liquid crystal regions to Improve 
contrast. 

In addition, as a method for making the phase separation clear, the light-curable material in the weaklight- 
35 Irradiated regions is allowed to be sufficiently moved Into the light-Irradiated regions under a non-irradiation 
condition by using light in a pulse state, whereby liquid crystal regions can be formed without forming small 
liquid crystal regions in the weak light-irradiated regions. 

It is preferred to conduct a pulse irradiation for 5 seconds or less during which the polymerizable material 
is not sufficiently cured, with an interval of 30 seconds or more. In this pulse irradiation, liquid crystal domains 
40 can be in a random orientation instead of an omnidirecttonai orientatk>n by regulating the polymerizable material 
and irradiation conditions. 

Application 10 

45 Application 10 is the case where a photopolymerization reaction is suppressed, a phase separation be- 
tween liquid crystal molecules and a polymerizable material is made clear, and liquid crystal regions are formed 
so as to correspond to the shape of the masking portions of a photomask. In order to suppress a photopoly- 
merization reaction, It is preferred that a photopolymerization suppressor be added. 

ITO (mixture of indium oxide and tin oxide) with a thickness of 500 Angstroms was provided on a glass 

50 substrate (flint glass: 1.1 mm thickness). Spacers (micropearl. manufactured by Sekisui Fine Chemical Co., 
Ltd.) with a diameter of 5 \m were dispersed on one substrate, and the other substrate was placed thereon 
so as to keep a gap therebetween, whereby a cell was formed. 

The photomask 43 shown In Figure 14 having squares, each side being 200 nm and each square being 
formed in a pitch of 250 nm was placed on the cell thus formed. In the cell, a homogeneous mixture containing 

55 0.85 g of isobornyl methacrylate, 0.1 g of acrylate with two functinal groups, i.e., a photopolymerizable com- 
pound (R-684. manufactured by Nippon Kayaku K.K.), 0.05 g of styrene as a photopolymerization suppressor, 
4 g of a mixture in which 0.3% by weight of a chiral agent (S-81 1 , manufactured by Merck & Co., Inc.) was added 
to a liquid crystal material (ZLI-4792, manufactured by Merck & Co., Inc.), and 0.02 g of a photopolymerization 
initiator (Irgacure 651, manufactured by CIBA-GEIGY Corporation) was injected. 
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The cell was continuously irradiated with UV-rays from the side of a dot pattern of the photomask 43 by 
using a high-pressure mercury lamp which can provide parallel rays at an illuminance of 1 5 mW/cm2 (measured 
at 356 nm) for 5 minutes. 

5 The cell thus formed was observed by a polarizing microscope, which revealed the following: 

Liquid crystal regions were uniformly formed with the same regularity as that of the dot pattern (or a pixel), 
each region having almost the same size. IVIoreover, liquid crystal domains in the liquid crystal regions were 
oriented in an omnidirection. Polarizing plates were attached to the upper and lower sides of the cell to man- 
ufacture a liquid crystal display device. 

10 

Comparative Example 11 

Asa comparative example with respect to Application 10, a liquid crystal display device was manufactured 
as follows: 

15 A cell was formed in the same way as in Application 10, and a mixture containing liquid crystal, a light- 
curable material, a photopolymerization initiator, which was the same as that of Application 10, was injected 
Into the cell. The resulting cell was irradiated with light under the same conditions as those of Application 10. 
Polarizing plates were attached to the cell thus formed so that each polarizing angle crossed each other at 
rightangles, whereby a conventional polymer dispersed liquid crystal display device in which the cell wassand- 

20 wiched by the polarizing plates was manufactured. 

Comparative Example 12 

Moreover, as a comparative example with respect to Application 10, a liquid crystal display device was 
25 manufactured as follows: 

First, polyimlde (SE150, manufactured by Nissan Chemical Co., Ltd.) was coated onto a substrate which 
was the same as that of Application 10 by a spin coating method. The substrate was subjected to a uniaxial 
rubbing treatment by using a nylon cloth. Two substrates which were treated in this way were attached to each 
other at right angles so that each rubbing direction crossed the other. Spacers (micropeari, manufactured by 
30 Sekisul Fine Chemical Co., Ltd.) with a diameter of 5 \ixn were dispersed on one substrate, and the other sub- 
strate was formed thereon so as to keep a gap therebetween, whereby a cell was formed. Then, a mixture in 
which 0.3% by weight of a chiral agent (S-81 1 , manufactured by Merck & Co., Inc.) was added to a liquid crystal 
material (ZLI-4792, manufactured by Merck & Co., Inc.) was injected into the cell. Moreover, polarizing plates 
were attached to the cell so that the polarizing directions thereof coincided with the orientation direction of 
35 liquid crystal molecules in the cell, whereby a conventional TN liquid crystal display device was manufactured. 
Table 8 shows the electro-optic characteristic of the display device of Application 10 together with those 
of the display devices of Comparative Examples 11 and 12. 



Table 8 
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Comparative Example 11 


Comparative Example 12 
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35 
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41 


45 


Inversion phenomen- 
on in a half tone 


o 


A 


X 



For the purpose of measuring contrast, a cell and polarizing plates were combined so as to obtain a nor- 
50 mally white state, and contrast of the cell thus obtained was measured by a liquid crystal evaluation device 
(LC-5000, manufactured by Ohtsuka DenshI Co.,Ltd.). It is noted that the measurement value was taken as a 
ratio of light transmittance Tq with respect to light transmittance Tgat (ToH'saL). where the light transmittance T© 
was obtained when a lens with a collecting angle of 24*» from the vertical direction with respect to the cell was 
used under no voltage applied, and the light transmittance Tgat was obtained when the above lens was used 
55 with a saturation voltage applied. In Table 8, a mark O shows a state in which inversion phenomenon hardly 
occurs; a mark x shows a state in which inversion phenomenon is easily observed; and a mark A shows a 
state in which inversion phenomenon is barely observed. 

As is understood from Table 8, the liquid crystal display device of Application 10 has an electro-optic char- 
acteristic comparable to that of the conventional TN liquid crystal display device of Comparative Example 1 2. 
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In particular, in Application 10, the inversion piienomenon caused by changing the viewing angle as seen In 
the TN liquid crystal display device in a half tone is not observed, and the contrast obtained by observing in 
a direction with an angle of 40^ from the vertical direction with respect to the cell is hardly changed. Moreover, 
5 compared with the conventional polymer dispersed liquid crystal display device (Comparative Example 11), 
less light scattering occurs, increasing contrast 

Moreover, in Application 8, the liquid crystal regions shown in Figure 25 were obtained without using a 
photopolymerization suppressor. In Application 10 using a photopolymerization suppressor, the liquid crystal 
regions as shown in Figure 26A, 26B, 26C, or 26D were obtained. Thus, the liquid crystal display device In 
10 Application 10 is excellent in contrast. 

The above-mentioned photopolymerization suppressor is a compound capable of decreasing the photo- 
polymerization rate by being added to the polymerizable material to be used. Examples of the photopolymer- 
ization suppressor include polymerizable compounds which have lower reactivity than acrylale and methacry- 
late and which have a Q valve of 0.8 or more; such as styrene (Q = 1). parachlorostyrene (Q = 1.03). a-me- 
15 thylstyrene (Q = 0.98), and butadiene (Q = 2.39), where Q represents the resonance stability of a monomer 
in a radical polymerization. When a monomer has a larger value of Q, a radical to be generated is likely to be 
stabilized due to resonance effects, decreasing the radical polymerization rate, in the present invention, when 
a polymerization reaction is slow, the phase separation rate between the liquid crystal and the polymerizable 
material becomes lower. As a result, liquid crystal regions to be formed become large and almost the same 
20 size as that of masking portions of a photomask. This Is preferred since contrast is Improved, In addition, it is 
preferred to use a radical catcher such as a p-qulnone derivative (e.g., p-quinone, p-chloroqulnone, p-methyl- 
quinone), 2,2-diphenyl-1-plcrylhydrazyl (DPPH), aromatic nitro compounds, and nitroso compounds (e.g., ni- 
trobenzene, nitrotoluene, aniline, nitrosodimethylaniline). 

The added amount of photopolymerization suppressor is varied depending upon its effects, and there is 
25 no particular limitation thereto in the present Invention. However, it is preferred to add the photopolymerization 
suppressor in such a manner that when a change of photopolymerization reaction heat of a mixture of a light- 
curable material, a photopolymerization initiator (Irgacure 651. 0.3% added) and a photopolymerization sup- 
pressor is observed at an illuminance of 100 mW/cm^ (measured at 365 nm), 25°C by a photodifferentlal scan- 
ning calorimeter (photo DSC: PDC121, manufactured by Seiko Instruments & Electronics Ltd.), the peak of 
30 the reaction heat lasts for 20 seconds or more. When the peak value Is 20 seconds or less, liquid crystal regions 
do not sufficiently grow and polymer walls are partially formed within weak light-irradiated regions of the pho- 
tomask, leading to a decrease in contrast. 

Examples of the liquid crystal include organic mixtures exhibiting a liquid crystal state in the vicinity of an 
ordinary temperature, e.g., nematic liquid crystal (Including liquid crystal for a dual frequency drive and liquid 
35 crystal with dielectric anisotropy of dielectric constant Ae < 0), cholesteric liquid crystal (in particular, liqukl crys- 
tal having selective reflection characteristics with respect to visible light), smectic liquid crystal, ferroelectric 
liquid crystal, and discotic liquid crystal. These liquid crystals can be mixed, in particular, nematic liquid crystal, 
cholesteric liquid crystal, or nematic liquid crystal to which a chlral agent Is added are preferred in terms of 
the characteristics thereof. Considering problems of coloring caused by hysteresis, uniformity, and d-A n (re- 
40 tardation), cholesteric liquid crystal, nematic liquid crystal to which a chlral agent having a helical pitch of 10 
nm or more Is added is preferred. Moreover, liquid crystal which is excellent in resistance to chemical reaction 
is preferred since a photopolymerization reaction is involved in manufacturing. More specifically, liquid crystal 
which has a functional group such as a fluorine atom in a compound is preferred. Examples thereof Include 
ZLI-4801-000, ZU-4801-001, ZLl-4792 (manufactured by Merck & Co., Inc.). 
45 in the combination of the liquid crystal material and the polymer material, it Is preferred that the diameter 

of a liquid crystal region formed becomes largerthan thedotdiameterof a photomask to be used in the present 
invention, when a polymer dispersed liquid crystal display device is manufactured by a conventional photopo- 
lymerization phase separation method. Even though the diameterof a liquid crystal region becomes smaller 
than a dotdiameter of a photomask In a certain combination of the liquid crystal material and the polymerizable 
50 material, this combination can be used by decreasing the intensity of UV-rays, suppressing the added amount 
of the photopoly merization initiator, etc. 

The mixed ratio of the liquid crystal material and the polymerizable material is preferably in the range of 
60:40 to 95:5 by weight. When the polymerizable material exceeds the ratio of 60:40, regions which change 
with respect to a voltage are decreased, resulting in poor contrast. When the polymerizable material is less 
55 than the ratio of 95:5. it becomes difficult to form polymer walls sufficiently, and moreover, the Tn. i point of 
the mixture of the liquid crystal material and the polymerizable material becomes higher, resulting in difficulty 
for the vacuum injection of the mixture into the ceil. 

The added amount of the photopolymerization Initiator is preferably in the range of 3 to 0.01% by weight 
based on the weight of the mbrture of the liquid crystal material and the polymerizable material. When the add- 
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ed amount exceeds 3% by weight, the photopolymerization rate Is too high to make the liquid crystal region 
large, decreasing an electrical holding ratio required for driving a TFT. When the added amount Is less than 
0.01% by weight, a sufficient photopoly merization reaction does not occur, and thus, polymer wails cannot 
5 be formed. 

Application 11 

As In Application 8, a liquid crystal display device, in which liquid crystal regions were partitioned by poly- 

10 mer walls, was manufactured by using the same substrate and materials as those of Application 1 0. In Appli- 
cation 11 , a photomask 44 as shown in Figure 15 having a light transmission hole 44b In each masking portion 
44a thereof and light transmission slit 44c formed In a broken line shape from the hole 44b toward four corners 
of the masking portion 44a was used. 

The cell obtained was observed by a polarizing microscope, revealing the following: 

15 As shown In Figure 27, in the center of each liquid crystal region d with regularity, there was a polymer 
region i in an island shape. In the liquid crystal region d, liquid crystal domains g were formed in a radial manner. 
The contrast measured in a vertical direction with respect to the cell was 29; and the contrast measured at an 
angle of 45° from the vertical direction of the cell in an omnidirection was in the range of 21 to 26. In a con- 
ventional TN cell, inversion phenomenon was obtained in a direction of a stigmatic angle, remarkably decreas- 

20 ing the display quality. 

The liquid crystal display device, In which the liquid crystal regions are partitioned by the polymer walls 
and quasi-solidified, has the same function as that of a conventionally used liquid crystal display device (TN, 
STN, ECB, ferroelectric liquid crystal display devices, etc.) which has a high contrast and a steep drive voltage 
characteristic curve, and in which the cell is sandwiched by two polarizing plates. The liquid crystal display 

25 device of the present invention can be driven by a simple matrix drive method, an active drive method using 
a TFT or an l\ilM. The present invention is not particularly limited thereto. 

Application 12 

30 Application 12 is the case where a lk|uid crystal display device with a large screen Is provided by aligning 
liquid crystal molecules in an omnidirection or in a random direction. 

Hereinafter a method for manufacturing a liquid crystal display device of Application 12 will be described. 
First, ITO (a mixture of indium oxide and tin oxide) with a thickness of 500 Angstroms was provided on a 
glass substrate (flint glass: 1.1 mm thickness). Then, polyimide (SE150, manufactured by Nissan Chemical 
35 Industries Ltd.) was coated onto the glass substrate by a spin coating method, whereby an orientation film was 
formed thereon. In this way, two substrates were formed. 

Spacers with a diameter of 5 ^m were dispersed on one substrate, and the other substrate was placed 
thereon so as to keep a predetermined gap therebetween, whereby a cell was formed. 

Then, a photomask 44 having a circular light transmission hole 44b with a diameter of 25 ^im in the center 
40 of each masking portion 44a as shown in Figure 16 was placed on the cell thus formed. In the cell, a homo- 
geneous mixture containing 0.9 g of isobornyl methacrylate, 0.1 g of acrylate with two functional groups, i.e., 
a photopolymerizable compound (R-684, manufactured by Nippon Kayaku K.K.), 4 g of a mixture in which 0.3% 
by weight of a chiral agent (S-811, manufactured by l\^erck & Co.. inc.) was added to a liquid crystal material 
(ZLI-4792, manufactured by Merck & Co., Inc.), and 0.02 g of a photopolymerization Initiator (Irgacure 184, man- 
45 ufactured by CIBA-GEIGY Corporation) was injected. 

Next, the cell was continuously Irradiated with UV-rays at an illuminance of 15 mW/cm2 for 5 minutes by 
using a high-pressure mercury lamp which can provide parallel rays, whereby the polymerizable material was 
cured. 

The resulting cell was observed by a polarizing microscope, which revealed the following: 
50 As shown in Figure 27, in the center of each liquid crystal region d with regularity, there was a polymer 
region i in an Island shape. In the liquid crystal region d, liquid crystal domains g were formed in a radial manner. 
The contrast measured in a vertical direction with respect to the cell was 28; and the contrast measured at an 
angle of 45° from the vertical direction of the cell In an omnidirection was in the range of 21 to 25. In a con- 
ventional TN cell, inversion phenomenon was obtained in a direction of a stigmatic angle, remarkably decreas- 
55 ing the display quality. 

As described In Applications 11 and 12, when light irradiation is conducted by using a photomask having 
a light transmission hole in the center of each masking portion, a decrease in contrast due to light scattering 
can be prevented by aligning liquid crystal molecules in liquid crystal regions in an omnidirection, suppressing 
viewing angle dependency in a half tone, and letting the liquid crystal regions cover almost the entire pixel. 
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Moreover, a liquid crystal display device obtained by using this type of photomask can be utilized for a large 
screen and used as a liquid crystal display device required to have less viewing angle dependency. Thus, its 
application range Is remarkably wide. Its application range covers a liquid crystal TV, a display device for a 

5 video camera (liquid crystal viewcam, manufactured by Sharp K.K.), eyeglasses-type liquid crystal display de- 
vice for virtual reality, and a liquid crystal display device for vehicles. In the case where an area of a masking 
portion is very large, a plurality of light transmission holes can be provided, and one of the transmission holes 
is not necessarily positioned In the center of the masking portion. What is important is that almost all of the 
weak light-Irradiated regions become liquid crystal regions and the liquid crystal molecules therein are aligned 

10 In a radial manner. 

The technique of Example 3 can be applied to the case where two or more liquid crystal regions are formed 
In one pixel. Figure 17 shows this application. In Figure 17, the reference mark b denotes a pixel or a masking 
portion of a photomask, c an open portion of the photomask, d a liquid crystal region, and e liquid crystal mol- 
ecules. 

15 In Example 3, each item described in Example 2, such as the Light regulating means such as a photomask, 
Irradiation of light, etc. can be applied In the same way. 

Example 4 

20 In addition to the structure of Example 3, Example 4 is the case where a plurality of liquid crystal molecules 
J in a liquid crystal region d are aligned in a helical manner around a helical axis k which Is nearly vertical with 
respect to a surface of a substrate as shown In Figure 28A. In this case, a liquid crystal material In which chol- 
esteric liquid crystal, a chiral agent, or the like added to the nematic liquid crystal Is used. Examples of the 
chiral agent include S-811, R-811. and CE12. 

25 For example, when nematic liquid crystal (in particular, liquid crystal having a helical pitch) Is used, the 
characteristics thereof are changed depending upon its helical pitch. 

(1) In the case of a helical pitch of more than 100 jim. the observation by a polarizing microscope reveals 
that as shown in Figures 29A and 29B, liquid crystal molecules are aligned in a liquid crystal region d in 
parallel with the substrate and orientation planes of the liquid crystal are hardly twisted. Namely, the liquid 

30 crystal molecules are In a nearly homogeneous orlentatton. In this case, when the cell Is sandwiched by 
polarizing plates so that each polarizing direction crosses the other at right angles (crossed Nicols), light 
is transmitted through the cell only influenced by the effects of birefringence of the liquid crystal. Thus, 
the amount of light transmitted therethrough is small. Moreover, the difference of refractive index at an 
interface between the polymer wall and the liquid crystal region d becomes large under no applied voltage. 

35 Therefore, when seen at a position with an angle from a vertical direction with respect to the cell, the In- 
terface between the polymer wall and the liquid crystal region d is revealed, resulting in a rough display. 

(2) In the case of a helical pitch of 15 jim to 100 ^m, the observation by a polarizing microscope reveals 
that as shown In Figures 28A, 28B, and 28C, liquid crystal molecules are aligned in parallel with the sub- 
strate, twisted with each other, and have an orientation state In which the liquid crystal molecules on the 

40 Upper and lower substrates are twisted (nearly in a TN orientation). In this case, light incident upon the 
cell Is optically rotated by the twisted molecules, so that the incident light passes through the polarizing 
plates under crossed Nicols. Thus, the amount of light passed through the cell Is Increased. Moreover, 
the liquid crystal molecules at the Interfaces between the liquid crystal regions and the polymer walls are 
aligned In parallel with the substrate, but randomly aligned within each interface. Therefore, when seen 

45 at a position with an angle from the vertical direction with respect to the ceil, the interfaces between the 
liquid crystal regions and the polymer walls are hardly revealed, resulting In an improved display quality 
without roughness. 

(3) In the case of a helical pitch of less than 15 ^uri, the observation by a polarizing microscope reveals 
that as shown in Figures 30A and 30B, minute stripe patterns are generated in liquid crystal regions since 

50 a helical axis of the liquid crystal molecules Is tilted from a vertical plane with respect to the cell. In an 
orientation state in which the helical axis lies down, only part of the liquid crystal molecules stands In the 
vertical direction of the cell, decreasing light transmittance. 

As described above. In Example 4, the helical pitch is preferably In the range of 15 ^m to 100 ^m. More 
preferably. In view of light transmittance and roughness of a display, the helical pitch Is In the range of 25 ^m 
55 to 75 \im. 

Applications 13, 14, 15 and 16 



Two transparent electrode substrates with ITO were attached to each other so as to have a cell thickness 
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of 5.5 ^m. A mixture containing 0.1 g of R-884, 0.05 g of styrene, 0.85 g of isobornyl methacrylate, 4 g of a 
liquid crystal material (ZLI-4792), and 0.02 g of a photopolymerization initiator (Irgacure 651) was injected into 
the cell thus obtained. In the liquid crystal material, 0.3% by weight of S-811 (Application 13), 0.6% by weight 

5 of S-811 (Application 14), 0.9% by weight of S-811 (Application 15), and 1.2% by weight of S-811 (Application 
16) were added as a chiral agent, respectively. The mixture was heated to 40*C so as to obtain a homogene- 
ously mixed state. Then, a photomask having square masking portions each side of which is 200 ^m, the mask- 
ing portions being provided in a matrix with an interval of 50 ^m from each other, was placed on the cell. The 
cell was Irradiated with UV-rays through the photomask by using a high-pressure mercury lamp at an iiluml- 

10 nance of 14 mW/cm^ under the condition that a cycle including one second irradiation and 29 seconds non- 
irradiation was repeated 20 times and then continuously irradiated for 5 minutes. Moreover, the cell was Irra- 
diated for 5 minutes without the photomask. Polarizing plates were attached to the upper and lower sides of 
the resulting cell so that each polarizing direction crossed the other at right angles. 

15 Comparative Examples 13 and 14 

As comparative examples with respect to Applications 13, 14, 15and 16, liquid crystal display devices were 
manufactured as follows: 

Cells were formed in the same way as in Applications 13, 14, 15 and 16. Then, a mixture containing 4 g 
20 of a liquid crystal material (ZLI-4792), and 0.02 g of a photopolymerization initiator (Irgacure 651) was injected 
into each cell. In the liquid crystal material, 0% by weight of S-811 (Comparative Example 13) and 1.5% by 
weight of S-811 (Comparative Example 14) were added as a chiral agent, respectively. 

Table 9 shows electro-optic characteristics of the liquid crystal display devices of Applications 13, 14. 15 
and 16; and Comparative Examples 13 and 14. A drive voltage (Vth) represents a voltage when light transmit- 
25 tance is changed by 10%; and To represents light transmittance under no applied voltage, (where light trans- 
mittance obtained when two polarizing plates are attached so that each polarizing plate is aligned is taken as 
100%). A helical pitch of the liquid crystal material was measured by using a wedge-shaped cell. 
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As is understood from Table 9, when the helical pitch of the liquid crystal material is In the range of 15 ^m 
to 100 |im, a bright display with improved light transmittance Is made possible. The helical pitch is more pre- 
ferably in the range of 25 ^im to 75 ^lm. Furthermore, there is a tendency that the addition of a chiral agent 
decreases the drive voltage. 



Example 5 

Example 5 Is the case where light transmittance and contrast can be improved in a liquid crystal display 
device In which liquid crystal domains are aligned In a radial manner or in a random manner. Hereinafter, Ex- 
ample 5 will be described by way of illustrating applications. 
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Applications 17. 18, 19 and 20 

Two glass substrates with a thickness of 1 .1 mm having ITO (a mixture of indium oxide and tin oxide with 
5 a thickness of 500 Angstroms) were used. Spacers with a diameter of 6 jim were dispersed on one substrate, 
and the other substrate was placed thereon so as to keep a gap therebetween. Then, a photomask as shown 
in Figure 31 was placed on the cell thus obtained so that the pixels were covered with masking portions of 
the photomask. Moreover, in the cell, a homogeneous mixture containing 0.1 g of acrylate with two functional 
groups. I.e., a photopolymerlzable compound (R-684, manufactured by Nippon Kayaku K.K.), 0.05 g of styrene, 
10 0.85 g of isobornyl methacrylate, fluorine and/or chlorine type liquid crystal material shown in Table 10 (in which 
0.5% of S-811 was added as a chiral agent), and 0.0025 g of a photopolymerization initiator (Irgacure 651) was 
Injected. 



Table 10 
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Next, the cell was irradiated with UV-rays through the photomask by using a high-pressure mercury lamp 
(which can provide parallel rays) at an illuminance of 10 mW/cm^ under the condition that a cyde including 
one second irradlatton and 30 seconds non-irradiation was repeated 20 times and then continuously irradiated 
for 10 minutes. Moreover, the cell was Irradiated for 10 minutes without the photomask. Polarizing plates were 
attached to the upper and lower sides of the resulting cell so that each polarizing direction crossed the other 
at right angles. Thus, a liquid crystal display device In which liquid crystal regions were partitioned by polymer 
walls. 

Table 1 1 shows light transmittance T© which Is an electro-optic characteristic of the cell thus formed under 
no applied voltage, where light transmittance obtained when the two polarizing plates are positioned so that 
each polarizing direction is aligned is taken as 100%. 
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Viewing angle characteristics of the liquid crystal display devices of Applications 17 to 20 were satisfactory 
without inversion phenomenon. 



^ Applications 21 and 22 

The same material for a substrate as that of Application 17 was used, and each cell was formed so as to 
have a cell thickness of 7.2 ^im (Application 21) and 9.1 \irr) (Application 22) by changing the spacers to be 
provided in each cell. 

^ The same mixture as that of Application 17 was injected into the respective cells, and the cells were irra- 
diated with UV-rays through a photomask in the same way as in Application 17. The cells were observed by 
a polarizing microscope, which revealed the following: 

in Applications 21 and 22, liquid crystal regions each having almost the same shape as that of a masking 
portion of the photomask were formed. 

55 

Comparative Examples 15 and 16 

Cells were formed in the same way as in Applications 21 and 22, except that the thickness thereof is 
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changed. In Comparative Example 15. the cell thickness was 3.5 ^m. and In Comparative Example 16, the 
cell thickness was 12.0 ^m. 

Table 12 shows the electro-optic characteristics of the liquid crystal display devices manufactured as de- 
scribed above. 



Table 12 





Application 21 


Application 22 


Comparative Example 
15 


Comparative Example 
16 


Cell thickness 
(^m) 


7.2 


9.1 


3.5 


12.0 


d-An 


0.648 


0.819 


0.315 


1.17 


Light transmlst- 
tance To (%) 


38 


32 


12 


20 



As is understood from Table 12, the viewing angle characteristics of the liquid crystal display devices of 
Applications 21 and 22 were satisfactory without inversion phenomenon. IS/loreover, as is understood from Ta- 
bles 10 to 12, display characteristics of the liquid crystal display devices, particularly, light transmitlance To 
under no applied voltage are greatly influenced by a product of An of the liquid crystal material and the thick- 
ness d of the liquid crystal layer (An d). In the case of the product An d of 0.4 to 1 .1 ^m, higher light transmit- 
tance is obtained. In Comparative Example 15, since the cell thickness was too small, the liquid crystal material 
and the light-curable material do not sufficiently move; as a result, polymer walls were also formed in weak 
light-irradiated regions. Thus, light transmittance is low under no applied voltage. Moreover, the cell thickness 
influences the product A n d. When the cell thickness was 3 jim or less, the liquid crystal material and the 
light-curable material do not sufficiently move; as a result, a great number of liquid crystal regions are formed 
in the weak light-irradiated regions, decreasing contrast. When the cell thickness is 10 or nrrore, part of the 
polymer walls is not sufficiently in contact with the upper and lower substrates, decreasing the controllability 
of the size of liquid crystal regions. Thus, it is preferred that the product A n d is in the range of 0.4 to 1 . 1 jim, 
and the cell thickness is in the range of 3 to 10 ^m. 

Example 6 

In the present example, a photomask preferred for manufacturing a liquid crystal display device in which 
liquid crystal domains are aligned in a radial manner or in a random manner. 

A cell was formed in the same way as in Application 17. Then, the same mixture as that of Application 17 
was injected into the cell. A photomask shown in Figure 32 was placed on the cell and irradiated with OV-rays 
in the same way as in Application 17. The observation of the cell thus obtained by a polarizing microscope 
revealed that liquid crystal regions as shown in Figure 33 were formed. Each liquid crystal region d had a struc- 
ture in which an Inside liquid crystal region d1 and an outside liquid crystal region d2 were separated by a poly- 
mer region, and a polymer island I was formed In the vicinity of the center of the inside liquid crystal region 
d1. 

Figures 34A, 34B, and 340 show viewing angle characteristic curves of the liquid crystal display device 
obtained in the present example. Figures 34A and 34B show the relationships between the light transmittance 
and the applied voltage of the liquid crystal display device in which a cell was sandwiched by polarizing plates 
so that each polarizing direction crossed the other at right angles. As shown in Figure 34D, in Figure 34A, the 
viewing angle characteristic was measured in a direction a (i.e., in a vertical direction with respect to the cell); 
in Figure 34B, the viewing angle characteristic was measured in a direction b (i.e., in a direction with an angle 
of 40^ from the vertical direction with respect to the cell); and in Figure 340. the viewing angle characteristic 
was measured in a direction c (i.e., in a direction with an angle of 90^ from the direction b and with an angle 
of 40° from the direction a). As is understood from those figures, even though the viewing angle is changed, 
the light transmittance and the applied voltage characteristic curves are hardly changed, showing that the view- 
ing characteristic of the liquid crystal display device of the present example is excellent. In particular. It Is hardly 
seen that the light transmittance Is increased under an applied saturation voltage. 

As in the present example, when a photomask, in which each masking portion has an opening whose shape 
Is the same as that of a periphery of the masking portion, is used, small liquid crystal domains are formed In 
a radial manner between the periphery and the opening, thereby greatly improving the viewing angle charao- 
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teristic. The shape of the periphery and the opening is not necessarily Identical. For example, a circular open- 
ing, a hexagonal opening, a square opening, etc. with respect to a rectangular periphery can provide thesanne 
advantages, in the case where the hexagonal shape is used as in the present example, a flat surface can en- 
5 lirely be covered, and the liquid crystal domains can readily be formed In a nearly circular liquid crystal region. 

Example 7 

Example 7 Is the case where viewing angle dependency Is further Improved In a non light scattering type 

10 liquid crystal display device. 

In a non light scattering type liquid crystal display device, a viewing angle characteristic in a half tone is 
much improved, compared with a conventional liquid crystal display device. However, liquid crystal molecules 
tilt with respect to a vertical direction of a cell, so that a refractive index of the vertical direction of the cell and 
that of a diagonal direction of the cell are slightly changed. Due to this phenomenon, apparent contrast is also 

15 slightly changed. In order to correct this phenomenon, a disk-shaped refractive index anisotropic film 62 having 
anisotropy of refractive index can be formed between a polarizing plate (not shown) and a substrate 61, as 
shown in Figure 18. Because of this, the refractive Index in a vertical direction (m direction) and in a diagonal 
direction (n direction) become almost the same, thereby remarkably decreasing viewing angle dependency 
on contrast. This is disclosed in Japanese Laid-Open Patent Publication No. 2-400795. This Is a general meth- 

20 od for canceling birefringence. 

The refractive index film 62 is formed of a blaxlally oriented film such as polyvinyl alcohol (PVA), in which 
there is no anisotropy of refractive index in a film surface and the refractive index in a surface direction of the 
film Is made larger than that In a vertical direction thereof. 

25 Example 8 

Example 8 is the case where a masking property is improved In a non light scattering type liquid aystal 
display device by placing a light-Intercepting mask such as a black mask on a polymer wall. 

Figure 19 is a cross-sectional view showing a liquid crystal display device according to the present exam- 
30 pie. This liquid crystal display device Includes two transparent substrates 30 and 35 facing each other, polymer 
walls 37 provided so as to reach inner surfaces (strictly speaking, orientation films 34a and 34b) of the sub- 
strates 30 and 35, liquid crystal regions 38 partitioned by the polymer walls 37, polarizing plates 39a and 39b 
respectively provided on the outer surface of the substrates 30 and 35. and a backlight 40 provided outside 
of one (lower) substrate 30. 

35 The substrate 30 has pixel electrodes 31 formed on the side of the liquid crystal regions 38. Moreover, on 
the substrate 30 having the pixel electrodes 31 , a flat film 32 for flattening, a light-intercepting mask 33, and 
the orientation film 34a are formed In this order. The light-intercepting mask 33 is provided so that its masking 
portions cover 50% or more of each contact area where the polymer walls 37 are in contact with the inner sur- 
face of the substrate 30. The substrate 35 has counter electrodes 36 on the side of the liquid crystal regions 

40 38 so that the counter electrodes 36 face and cross the pixel electrodes 31 , and the orientation film 34b formed 
so as to cover the counter electrode 36. 

When the masking portions of the light-Intercepting mask 33 covers 1 00% or more of the contact area of 
the polymer walls 37, pixels correspond to portions which are not covered with the light-intercepting mask 33. 
In contrast, when the masking portions of the light-intercepting mask 33 covers less than 100% of the contact 

45 area of the polymer walls 37, pixels correspond to the area where the pixel electrodes 31 overlap the counter 
electrodes 36. 

A liquid crystal display device with the above-mentioned structure is manufactured as follows: 

First, the substrate 30 on which the pbcel electrodes 31, the scanning lines, the signal lines, the flat film 
32, the light-intercepting mask 33 and the orientation film 34a are formed, and the substrate 35 on which the 
50 counter electrode 36 and the orientation film 34b are obtained. 

The orientation films 34a and 34b are subjected to a rubbing treatment. Then, the substrates 30 and 35 
are disposed so as to face each other, and a previously prepared mbcture at least containing a light-curable 
material and a liquid crystal material is injected between the substrates 30 and 35. Then, a photomask having 
masking portions is placed outside of the substrate 35. Each masking portion has a size smaller than that of 
55 each pixel, and the masking portions are formed in a matrix, the other portions of the photomask being light 
transmission portions. The position and size of the light transmission portions of the photomask are previously 
determined so that the masking portions of the light-intercepting mask 33 covers 50% or more of each area 
of the polymer walls 37 reaching the Inner surface of the substrate 30. 

As described above, it Is preferred that the masking portions of the light-intercepting mask 33 cover 50% 
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or more of each area of the polymer walls 37 reaching the Inner surface of the substrate 30. However, if 300% 
or more area is covered, the peripheral areas of the pixel electrodes 31 covered with the masking portions 
increase, resulting in a decrease in brightness. Thus, the percentage of each area of the polymer walls to be 

5 covered should be in the range of 50% to 300%. The range of 80% to 1 50% Is more preferred. The use of the 
light-intercepting mask 33 has the following advantage: 

Even though one liquid crystal region is provided over two pixels or one liquid crystal region is formed 
between the adjacent pixels, the light-intercepting mask 33 intercepts light between the adjacent pixels. Thus, 
light can be prevented from being transmitted between the adjacent pixels, thereby avoiding the decrease In 

10 contrast. 

In the present example, the light-intercepting mask 33 is positioned on the side of the backlight 40 with 
respect to the liquid crystal regions 38. Alternatively, the light-intercepting mask can be positioned on the op- 
posite side of the backlight. 40 with respect to the liquid crystal regions 38. In the case where the light- 
Intercepting mask 33 is positioned on the skJe of the backlight 40 with respect to the liquid crystal region 38. 
15 light can be intercepted before being scattered by the polymer walls 37. Thus, the light-intercepting property 
can be Improved. In addition, the light-intercepting mask 33 is preferably provided close to the portions of the 
polymer walls 37 reaching the inner surface of the substrate 30 as much as possible. 

Any material can be used for the light-intercepting mask 33 as long as visible light can be intercepted by 
50% or more. Examples of the material Include metal such as aluminum, tantalum, and molybdenum; or organic 
20 materials such as colored paints. The material is used as a thin film. 

Hereinafter, Example 8 will be described by way of illustrating applications. 

Application 23 

25 First, electrode lines formed of ITO with a thickness of 500 Angstroms were respectively formed on PET 
f ilms with a thickness of 0.25 mm. In both of the substrates, the width of each electrode line was 200 ^im; the 
distance between the electrodes lines was 50 ^m; and the respective number of the electrode lines was 20. 

Next, polyimide (SE150, manufactured by Nissan Chemical Industries Ltd.) was coated onto the substrates 
by a spin coating method, whereby orientation films were formed. These orientation films were subjected to 
30 a rubbing treatment by using a nylon cloth. In this way, two substrates were formed. 

Then, spacers with a diameter of 6 ^im were dispersed on one substrate, and the other substrate was 
placed thereon so as to keep a gap therebetween, whereby a cell was formed. At this time, the electrode lines 
formed on the respective PET films crossed each other at right angles. 

A photomask 41 made of Al as shown in Figure 20 was placed on the cell thus obtained. The photomask 
35 41 had square (for example) masking portions 41a, each side of which was 200 ^m. The distance between 
the respective centers of the adjacent square masking portions 41a was 250 ^im. and each width of light trans- 
mission portions 41b between the adjacent square masking portions 41a was 50 ^m. Then, a homogeneous 
mixture containing 0.1 g of trimethylol propane trimethacrylate, 0.9 g of 2-ethylhexyl acrylate, 4 g of a mixture 
in which 0.3 g of cholesteric nanonate (CN) was added to liquid crystal material (ZLI-3700-000, manufactured 
40 by Merck & Co., Inc.), and 0.03 g of a photopolymerization Initiator (Irgacure 184, manufactured by CIBA-GEIGY 
Corporation) was Injected into the cell. 

The cell was irradiated with UV-rays by using a high-pressure mercury lamp which can provide parallel 
rays at an illuminance of 10 mW/cm2 for two minutes. 

Finally, polarizing plates were attached to the resulting cell so that the respective polarizing directions were 
45 aligned with the orientation directions of the corresponding orientation films, whereby a polymer dispersed TN 
liquid crystal display device was obtained. 

Application 24 

50 Another cell was formed as follows: 

First, a cell was formed In the same way as in Application 23 except for the step of attaching the polarizing 
plates. Then, a light-intercepting mask 42 as shown in Figure 21 was attached to the cell. The light-intercepting 
mask 42 made of molybdenum had masking portions 42a (which just correspond to the light transmission po- 
tions of the photomask 41 in Application 23). The light-Intercepting mask 42 was attached to the substrate which 

55 was to be on the side of a backlight so that the masking portions 42a overlapped the light transmission portions 
of the photomask 41. 

Finally, polarizing plates were attached to the resulting cell so that the respective polarizing directions were 
aligned with the orientation directions of the corresponding orientation films, whereby a polymer dispersed TN 
liquid crystal display device was manufactured. 
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Comparative Example 17 

As a comparative example with respect to Applications 23 and 24, a cell was formed in the same way as 
5 in Application 23 by using glass with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufac- 
tured by Nippon Sheet Glass Co., Ltd.) instead of the substrate used in Application 23. Moreover, only the same 
liquid crystal as that of Application 23 was injected into the cell. Then, polarizing plates were attached to the 
cell so thatlhe respective polarizing directions were aligned with the orientation directions of the corresponding 
orientation films, whereby a conventional TN liquid crystal display device was manufactured. 

10 

Comparative Example 18 

As a comparative example with respect to Applications 23 and 24, a TN type cell was formed in the same 
way as In Application 23. Moreover, the same mixture as that of Application 23 was Injected Into the cell. Then, 
15 the cell was irradiated with UV-rays in the same way as Application 23, except that a photomask was not used, 
whereby a polymer dispersed liquid crystal display device was manufactured. 

Table 13 shows contrast characteristics of the liquid crystal display devices of Applications 23 and 24 to- 
gether with those of Comparative Examples 17 and 18. 



Table 13 



Comparison of contrast characteristics 




Application 23 


Application 24 


Comparative Example 
17 


Comparative Example 18 


Contrast 


38 


40 


41 


9 



As is understood from Table 13. the liquid crystal display device of Application 23 has an electro-optic char- 
acteristic comparable to that of Comparative Example 17. In particular, the liquid crystal display device of Ap- 

^ plication 24 exhibits almost the same contrast as that of Comparative Example 17. Much more satisfactory 
contrast can be obtained in Applications 23 and 24. compared with that of Comparative Example 18. 

Thus, according to the method of Example 8, a film-shaped substrate can be used, and higher contrast 
can be obtained, compared with the conventional polymer dispersed liquid crystal display device, because of 
little light scattering in the pixels. 

^ The liquid crystal display devices of Applications 23 and 24 were cut and one substrate was peeled off 
from the other substrate in liquid nitrogen. Then, the liquid crystal material was washed away with acetone. 
After that, a horizontal cross-section of the polymer walls was observed by the SEM. revealing that the liquid 
crystal regions with the same regularity as that of the masking portions of the photomask (i.e., the same reg- 
ularity as that of the pixels) were uniformly formed, each liquid crystal region having almost the same size. 

^ In Example 8, each item described in Example 2. such as the Light regulating means such as a photomask, 
Irradiation of light, etc. can be applied in the same way. 

Example 9 

^ Example 9 is the case where a photopolymerizable compound material and liquid crystal are clearly sepa- 
rated (phase separation) by curing the material in a non light scattering type liquki crystal display device. 

In this type of liquid crystal display device, at least one substrate has an orientation film containing a thin 
film material and a photopolymerizatlon initiator, and the substrate with the orientation film is subjected to a 
rubbing treatment in one direction. 
^ A method for manufacturing this liquid crystal display device will be described as follows: 

First, two substrates having the above-mentioned orientation films are disposed so that the respective ori- 
entation films face each other, whereby a cell is formed. Then, a mixture containing a liquid crystal material 
and a photopolymerizable material is injected between the substrates. When the cell thus formed is irradiated 
with light, the polymerizable material starts being polymerized due to the photopolymerization Initiator con- 
tained in the orientation films. As a result, polymer walls are formed in desired positions. 
Hereinafter, materials and the like applicable to the present example will be described. 
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(A thin film material for an orientation film) 

In general, polymer materials, inorganic materials, and the like can be used. Organic materials such as 
5 polylmlde, thermoplastic resins, and condensation type polymers are preferred. Examples of the polyimide in- 
clude JALS-203 and JALS-204. (both manufactured by Nippon Chemical Industries Ltd.), and SE150 (manu- 
factured by Japan Synthetic Rubber Co., Ltd.) etc. Examples of the thermoplastic resins include polystyrene, 
PMMA. polyphenylene oxide (PPO), polycarbonate, etc. Examples of the condensation type polymers include 
polyimide, novolac resins, etc. 

10 

(A photopolymerization initiator) 

A general photopolymerization initiator can be used. Examples of the photopolymerization initiator include 
Irgacure 184, Irgacure 651. Irgacure 907, Darocure 1173, Darocure 1116, and Darocure 2959, etc. The photo- 
15 polymerization initiator can be added in the range of 1 to 50% by weight based on the total weight of the above- 
mentioned thin film material. 

The thin film material and the photopolymerization initiator are dissolved in a solvent (which allows the 
thin film material and the photopolymerization initiator to be dissolved) to obtain a dilute solution. The solution 
thus obtained is coated onto the substrate by a spin coating method, a printing method, etc., whereby an ori- 
20 entation film is formed. 

Hereinafter, Example 9 will be described by way of illustrating applications. 

Application 25 

25 Figure 35 is a schematic cross-sectional view of a polymer dispersed liquid crystal display device of the 
present example. Figure 36 is a cross-sectional view showing one step of a method for manufacturing the poly- 
mer dispersed liquid crystal display device. As shown in Figure 35, a pair of substrates 71 and 72 face each 
other so as to have liquid crystal regions 78 supported by polymer walls 77. Electrode lines 73 are provided 
on an inner side of the substrate 71 , and an orientation film 75 is formed so as to cover the electrode lines 73. 

30 Electrode lines 74 are provided on an inner side of the substrate 72, and an orientation film 76 Is formed so 
as to cover the electrode lines 74. 

The liquid crystal display device with the above-mentioned structure was manufactured as follows: 
As shown in Figure 36, the electrode lines 73 and 74 formed of ITO (a mixture of indium oxide and tin oxide) 
were formed on the substrates 71 and 72. respectively. The thickness of the respective substrates 71 and 72 

35 was 1 . 1 mm. Each thickness and width of the electrode lines 73 and 74 was 500 Angstroms and 200 ^im. Twenty 
electrode lines 73 and 74 were respectively formed with a distance of 50 jim between adjacent lines. Glass 
with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufactured by Nippon Sheet Glass Co., 
Ltd.) can be used for the substrates 71 and 72. 

Then, the orientation films 75 and 76 were coated so as to cover the electrode lines 73 and 74. respectively 

40 by a spin coating method. The orientation films 75 and 76 were subjected to a rubbing treatment in one direction 
by using a nylon cloth. The orientation films 75 and 76 were formed of polyimide (SE150, manufactured by 
Nissan Chemical Industries Ltd.) to which 5% by weight of a photopolymerization initiator (irgacure 184) was 
added. The substrates 71 and 72 thus obtained were attached so that the electrode lines 73 and 74 faced and 
crossed each other. Then, spacers with a diameter of 6 ^m were dispersed on one of the substrates 71 and 

45 72, and the other substrate was placed thereon, whereby a cell was formed. 

Next, a photomask 79 was placed outside of the substrate 72 so that pixel portions were masked. More- 
over, a homogeneous mixture 80 containing a photopolymerizable material and a liquid crystal material was 
injected Into the cell. The photopolymerizable material contained 0.1 g of trimethylol propane trimethacrylate, 
0.4 g of 2-ethylhexyl acrylate, and 0.5 g of isobornyl acrylate; and the liquid crystal material contained 4 g of 

50 a mixture in which 0.3% of cholesteric nanonate (CM) was added to ZLI-3700-000 (manufactured by Merck & 
Co., Inc.). The cell thus obtained was irradiated with UV-rays at an Illuminance of 10 mW/cm2 for 10 minutes 
by using a high-pressure mercury lamp which can provide parallel rays, whereby the photopolymerizable ma- 
terial was cured. 

One substrate was peeled off from the other substrate In liquid nitrogen, and the liquid crystal material 
55 was washed away with acetone. After that, a horizontal cross-section of the polymer walls was observed by 
the SEM, revealing that liquid crystal regions 78 with the same regularity as that of the photomask 79 (i.e., 
the same regularity as that of the pixels) were uniformly formed, each liquid crystal region 78 having almost 
the same size. Here, it is noted that 20 polymer walls which had the most excellent regularity were selected 
for observation from samples, since some of the samples were damaged during the formation thereof. 
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Finally, two polarizing plates were attached to thie cell so that each polarizing direction was aligned with 
the orientation direction of the cell, whereby a liquid crystal display device of the present example was man- 
ufactured. 

6 

Comparative Example 19 

As a comparative example with respect to Application 25, a liquid crystal display device was manufactured 
as follows: 

10 In Comparative Example 1 9, glass with ITO (flint glass with ITO having a thickness of 500 Angstroms, man- 
ufactured by Nippon Sheet Glass Co., Ltd.) was used instead of the substrates 71 and 72 of application 25, 
and only a liquid crystal material (ZLI-3700-000) was used. 



Comparative Example 20 

15 

As a comparative example with respect to Application 25. and a liquid crystal display device was manu- 
factured in the same way as In Application 25 except that a photomask was not used. 

Table 14 shows the results obtained by measuring the contrast of the liquid crystal display devices of Ap- 
plication 25 and Comparative Examples 19 and 20. Contrast Is measured by using a Photal LC 5000 system, 
20 and is taken as a ratio of light transmittance To under no applied voltage with respect to light transmittance Tsat 
under the condition that a saturation voltage is applied: (To/Tgat)- 



Table 14 



Comparison of contrast characteristics 




Application 25 


Comparative Example 19 


Comparative Example 20 


Contrast 


39 


41 


9 



As is understood from Table 14, the liquid crystal display device manufactured by using a photomask has 
high contrast. The use of the photomask enables the formation of the polymer walls with the same regularity 
as that of the pixels and greatly decreases the interfaces between the polymer walls and the liquid crystal 
regions, sufficiently reducing light scattering between the polymer walls and the liquid crystal regions. 

In Example 9, each item described in Example 2, such as Light regulating means such as a photomask, 
Irradiation of light, etc. can be applied in the same way. 



Example 10 

Example 10 is the case where a phase separation is clearly conducted between a polymer and liquid crys- 
tal by curing a photopolymerizable compound in a non light scattering type polymer dispersed liquid crystal 
display device. 

Figure 37 shows a cross-sectional view illustrating a method for manufacturing a polymer dispersed liquid 
crystal display device of the present example. Figure 38 shows a schematic cross-sectional view of the polymer 
dispersed liquid crystal display device of the present example. As shown in Figure 37, substrates 81 and 82 
face each other with liquid crystal regions 88 sandwiched therebetween. The liquid crystal regions 88 are par- 
titioned by polymer walls 87. The substrate 81 has electrode lines 83 on the side of the liquid crystal regions 
88, and an orientation film 85 is formed so as to cover the electnDde lines 83. On the orientation film 85 other 
than pixels 92, a thin film pattern 89 containing a polymerization initiator are formed. Electrode lines 84 are 
provided on an inner side of the substrate 82. and an orientation film 86 is formed so as to cover the electrode 
lines 84. On the orientation film 86 other than the pixels 92, a thin film pattern 90 containing a polymerization 
initiator is formed. 

A method for manufacturing the liquid crystal display device with the above-mentioned structure is as fol- 
lows: 

First, the thin film patterns 89 and 90 containing a polymerization initiator are respectively formed on por- 
tions of the substrates 81 and 82 in which the polymer walls 87 are to be formed. Then, the substrates 81 and 
82 are attached to each other, and a mixture containing a liquid crystal material and photopolymerizable or 
heat-polymerizable compound material is injected between the substrates 81 and 82 whereby a cell is formed. 
Next, the mixture is irradiated with UV-rays or heated. As a result, the polymerizable compound starts being 
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cured due to the polymerization Initiator contained in the thin film patterns 89 and 90. and the polymer wails 
87 starts being formed In contact with the thin film patterns 89 and 90. Thus, the liquid crystal regions 88 which 
are subjected to orientation treatment are formed in one pixel or an adjacent plurality of pixels. 
5 The thin film pattern is prepared by adding a polymerization initiator to a supporter and then dissolving 

the mixture in a solvent, thereby obtaining a dilute solution. The thin film pattern is formed at least one substrate 
so as to cover the electrode lines formed on the substrate. Preferably, the same thin film patters are formed 
on both substrates. 

Hereinafter, materials and a method for manufacturing applicable to the present example will be described. 

10 

(A thin film pattern) 

It is preferred that a thin film pattern does not cover 60% or more of each area of the pixels. When the 
thin film pattern covers 60% or more of each area of the pixels, polymer walls formed in the pixel portions 

15 which are covered with the thin film pattern cause light scattering, decreasing contrast. 

The shape of a portion on which the thin film pattern Is not formed (i.e., the shape of a portion in which 
a liquid crystal region is formed) is not particularly limited. Preferred shapes include a circle, a square, a tra- 
pezoid, a hexagon, a rectangle, a diamond shape, a letter shape, a shape surrounded by a curved line(s) and/or 
a straight line(s), a configuration obtained by cutting a part of these shapes, a configuration obtained by the 

20 combination of the different shapes, a configuration obtained by the combination of the same shapes, and the 
like. When the present invention is put into practical use, one or more of these shapes is selected. In order to 
improve productivity of the liquid crystal region, it is preferred to limit the configuration to one shape with the 
same size. 

Moreover, as shown in Figure 39, as in the present example, it is preferred to form the thin film pattern 
25 on the entire portions other than pixels. Because this structure decreases the intensity of light scattering in 
the pixels and improves the contrast of the liquid crystal display device. Aiternativeiy, the thin film pattern can 
be formed on a part of the portions other than pixels. For example, as shown in Figure 40, the thin film pattern 
is formed in a line shape or as shown in Figure 41, the above-mentioned shapes are combined as one pixel. 

30 (A method for forming a thin film pattern) 

An example of the method for forming a thin film pattern includes a printing method or lithography used 
in the semiconductor industry. 

In the printing method, a material obtained by adding a polymerization initiator to a supporter and dissolving 
35 the mixture in a solvent is formed into a thin film pattern by a seal printing, a screen printing, an offset printing, 
etc. As the supporter, a polymer material can be used. Examples of the polymer material include methyl poly- 
methacrylate (PMMA), polyvinyl alcohol, nitrocellulose, polycarbonate, vinyl acetate, polylmide, etc. The sol- 
vent depends upon the material of the supporter to be used. The examples of the solvent include toluene, me- 
thyl ethyl ketone (MEK). y-butyrolactone, etc. The mixture of the supporter and the polymerization initiator Is 
40 dissolved in the solvent to obtain a solution containing the mixture in an amount of 0.1 to 50% by weight. 

In the photolithography, a polymerization initiator is added to a positive resist material, and the mixture is 
coated onto at least one of the two substrates. Then, a photomask is placed on the substrate, on which the 
mixture is coated, so that a thin film pattern is formed on a desired place, and under this condition, the substrate 
is exposed to light. Afterthat, a resist material on a light-exposed portion is removed. An example of the positive 
45 resist material includes AZ1350 (manufactured by Shipley Corporation). 

(A polymerization initiator) 

As a polymerization initiator, a photopolymerization initiator and a thermal polymerization initiator can be 
50 used. Examples of the photopolymerization initiator include irgacure 1 84, Irgacure 651 , irgacure 907, Darocure 
1173, Darocure 1116. and Darocure 2959. Examples of the thermal polymerization initiator include peroxides 
such as BPO and t-butyl peroxide; radical generating agents such as azobisisobutyronitrile (AIBN); and amine 
compounds such as ethylamlne, n-butylamlne, benzylamlne. diethyienetriamine, tetramethylenepentamlne. 
diaminodiphenylmethane. 

55 

(A thickness of a ceil) 

When two substrates face each other, the thickness of a ceil is varied depending upon a display mode. 
In the case of photosetting. the thickness of the cell is preferably larger than a dot diameter of the photomask 
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to be used. Due to this, liquid crystal regions are formed in a column-shaped honeycomb structure, decreasing 
the intensity of light scattering in pixels and improving the contrast of the liquid crystal display device. 

5 (A polymerizabie compound material) 

In addition to the materials described in "A polymerizabie material" of Example 2, a thermosetting monomer 
can be used as the polymerizabie compound material. Examples of the thermosetting monomer include bi- 
sphenol A type epoxy resins, bisphenol Adiglycidyl ether, bisphenol F diglycidyl ether, hexahydrobisphenol A 
10 diglycidyl ether, propylene glycol diglycidyl ether, neopentyl giycol diglycidyl ether, diglycidylester phthalate, 
triglycidyl isocyanate, tetraglycidylmethaxylenediamine, etc. These monomers can be used alone or in com- 
binations of two or more kinds. As the light-curable and thermosetting oligomers and polymers, for example, 
chlorinated and/or fluorinated polymers obtained from these monomers can be used. These monomers, oligo- 
mers, and polymers can be used In combination. 

15 

(A method for curing a polymerizabie compound material) 

A polymerizabie compound materia! is cured by being irradiated with light or by being heated. 

In the case of the light irradiation, it is preferred that the UV-rays to be used are parallel rays. Here, when 

20 ferroelectric liquid crystal (FLC) is used, it is effective for improving shock resistance to provide small liquid 
crystal droplets as a buffer at the periphery of large liquid crystal regions with almost the same size as that 
of pixels. Thus, for the purpose of forming such small liquid crystal droplets, the end portions of the photomask 
are made so that much more light can be transmitted toward outside of the photomask; the photomask is placed 
away from the substrate; and UV-rays with a relatively poor degree of parallelization are used. It is preferred 

25 to selectthe polymerizabie compound material and the liquid crystal material so thatthe diameter of each liquid 
crystal region becomes larger than a dotdiameter of the photomask used during the UV-rays Irradiation step. 
However, even though the selected polymerizabie compound material and liquid crystal material make the di- 
ameter of each liquid crystal region smaller than a dot diameter of the photomask, these selected materials 
can be used by decreasing the intensity of UV-rays. conducting the reaction at low temperatures over a long 

30 period of time, and reducing the added amount of the polymerization initiator. 

Moreover, the shape of the photomask to be used Is not particularly limited as long as it appropriately de- 
creases the intensity of UV-rays. It Is preferred that the photomask is provided so that each masking portion 
thereof covers 30% or more of the size of each pixel and 50% or more of each portion of a thin film pattern is 
exposed to light. When each masking portion of the photomask covers less than 30% of the size of each pixel, 

35 each liquid crystal region obtained has a size corresponding to less than 30% of the size of each pixel. As a 
result, the number of Interfaces between the liquid crystal regions and the polymer walls are formed in pixels, 
increasing the degree of light scattering in the pixels and decreasing contrast. Therefore, this case is not pre- 
ferred. When less than 50% of each portion of the thin film pattern is exposed to light, the area occupied by 
the liquid crystal regions formed Is reduced, resulting in the decrease In overall contrast Thus, this case is 

40 not preferred, either. 

In the case of thermosetting, when the reaction rate Is low, polymer walls are formed in liquid crystal re- 
gions due to the formation of polymerized ends in the liquid crystal regions, decreasing contrast Thus, it is 
preferred to select a reaction system and reaction conditions which allow reaction to be completed within 10 
minutes. 

45 Hereinafter, Example 10 will be described by way of Illustrating Applications. 
Application 26 

Aliquid crystal display device with a structure shown in Figure 37 was manufactured by the following meth- 

50 od: 

First, as shown in Figure 37, the electrodes 83 and 84 formed of ITO (a mixture of indium oxide and tin 
oxide) were formed on the substrates 81 and 82. As the substrates 81 and 82. flint glass (manufactured by 
Nippon Sheet Glass Co., Ltd.) with a thickness of 1.1 mm, a length of 30 mm, and a width of 30 mm was used. 
The electrode lines 83 and 84 had a thickness of 500 Angstroms and a width of 200 ^m. The respective elec- 
55 trode lines 83 and 84 were formed with a distance between them of 50 tim. The respective number of the elec- 
trode lines 83 and 84 was 100, Then, polyimide (SE150, manufactured by Nissan Chemical Industries Ltd.) 
was respectively coated so as to cover the electrode lines 83 and 84 by a spin coating method. The polyimide 
was cured by heating to form orientation films 85 and 86. The orientation films 85 and 86 were subjected to a 
rubbing treatment in one direction with a nylon cloth. 
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Next, the thin film patterns 89 and 90 were formed on the orientation films 85 and 86. respectively by the 
following method: 

First, a solution in which a photopolymerizatlon initiator (Irgacure 184) was added to a positive resist ma- 

5 terial (i.e., a supporter) (AZ1 350. manufactured by Shipley Corporation) in an amount of 5% by weight was coat- 
ed onto the orientation films 85 and 86 by a spin coating method, thereby forming positive photoresists. Then, 
a photomask was placed on each photoresist so that Its masking portions covered portions of the positive pho- 
toresist other than the portions to be pixels 92. Under this condition, UV-rays were irradiated to each photo- 
resist at an illuminance of 15 mW/cm2 (measured at 365 nm) by using a high-pressure mercury lamp and de- 

10 veloped with a developer. Then, photoresist portions exposed to light were removed to obtain the thin film pat- 
terns 89 and 90 as shown in Figure 38. Here, the portions of the photoresist patterns 89 and 90 other than 
the portions to be pixels 92 correspond to portions between the adjacent electrode lines 83 formed on the 
substrate 81 and portions between the adjacent electrode lines 84 formed on the substrate 82. 

Spacers with a diameter of 6 \itr\ were dispersed on one of the substrates 81 and 82 and the other substrate 

15 was placed thereon so as to keep a gap therebetween, whereby a cell was formed. At this time, the electrode 
lines 83 and 84 faced and crossed each other. 

Next, as shown In Figure 38, a photomask 91 was placed on the substrate 82 so that Its masking portions 
covered the pixels 92. Moreover, a homogeneous mature 93 containing a photopolymerizable compound ma- 
terial and a liquid crystal material was Injected into the cell. Then, the cell was irradiated with UV-rays at an 

20 illuminance of 1 0 mW/cm^ for 5 minutes by using a high-pressure mercury lamp which can provide parallel rays, 
whereby the photopolymerizable compound material was cured. As the photopolymerizable compound mate- 
rial, a mixture containing 0.1 g of trimethylol propane methacrylate. 0.4 g of 2-ethylhexyl acrylate, and 0.5 g 
of Isobornyl acrylate was used. As the liquid crystal material, 4 g of a mixture in which 0.3% of cholesteric nano- 
nate was added to ZLI-3700-000 (manufactured by Merck & Co., Inc.) was used. As a result, as shown in Figure 

25 37, in regions which were irradiated with the UV-rays, polymer walls 87 with high physical strength were formed 
in contact with the thin film patterns 89 and 90; and in regions which were covered with the masking portions 
of the photomask 91, the liquid crystal regions 88 subjected to orientation treatment were formed in contact 
with the orientation films 85 and 86. 

The cell thus obtained was sandwiched by two polarizing plates so that the respective polarizing directions 

30 were aligned with the orlentatton directions of the corresponding orientation films, whereby a liquid crystal dis- 
play device of Application 26 was obtained. 

One substrate was peeled off from the other substrate In liquid nitrogen, and the liquid crystal material 
was washed away with acetone. After that, a horizontal cross-section of the polymer walls was observed by 
the SEM, revealing that liquid crystal regions with the same regularity as that of a pattern of the photomask 

35 91 (I.e., the same distribution as that of the pixels 92) were uniformly formed, each liquid crystal region having 
almost the same size. The polymer walls were likely to be damaged while forming samples, so that 20 polymer 
walls which had the most excellent regularity among the samples were selected for observation. 

Application 27 

40 

First, the electrode lines 83 and 84, and the orientation films 85 and 86 were formed on the substrates 81 
and 82 in the same way as in Application 26. Then, the rubbing treatment was conducted in the same way as 
In Application 26. 

Next, the same photopolymerizatlon Initiator as that of Application 26 was added in an amount of 5% by 
45 weight to a supporter (polystyrene), and the mixture was diluted with toluene to obtain 3% by weight of solution. 
Then, on portions of the orientation films 85 and 86 other than portions to be pixels 92, the toluene solution 
thus obtained was printed by seal printing to form thin film patterns 89 and 90, respectively with a thickness 
of 1 \m after being dried. The thin film patterns 89 and 90 had the same pattern. Then, a cell was formed in 
the same way as In Application 26, the photomask 91 was mounted, and the same mixture 93 as that of Ap- 
50 plication 26 was injected into the cell. After that, the cell was irradiated with UV-rays In the same way as in 
Application 26, whereby the photopolymerizable compound material was cured. The cell was sandwiched by 
two polarizing plates in the same way as in Application 26, whereby a liquid crystal display device of Application 
27 was obtained. 

55 Comparative Example 21 

A conventional TN liquid crystal display device (which is not a polymer dispersed type) was manufactured. 
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Comparative Example 22 

A liquid crystal display device was manufactured in the same way as In Application 26, except that the 
5 thin film patterns 89 and 90 were not formed. 

Table 15 shows the results obtained by measuring the contrast of the liquid crystal display devices of Ap- 
plications 26 and 27, and those of Comparative Examples 21 and 22. The contrast Is taken as a ratio of trans- 
mittance of light passing though a liquid crystal display device under no voltage with respect to light transmlt- 
tance under the condition that a voltage of 10 V is applied to electrodes, i.e., (light transmittance under no ap- 
10 plied voltage)/(light transmittance under the condition of a voltage 1 0V applied). 



Table 15 



Comparison of contrast characteristics 




Application 26 


Application 27 


Comparative Example 
21 


Comparative Example 22 


Contrast 


39 


37 


41 


9 



^ As is understood from Table 15, the polymer dispersed liquid crystal display devices of Applications 26 
and 27 in which the thin film patterns 89 and 90 are formed have high contrast. The liquid crystal display device 
of Comparative Example 21 which is not a polymer dispersed type also has high contrast. However, when this 
device was raised, a rough display was observed on the upper and lower parts. It is understood from this result 
that the formation of the thin film patterns 89 and 90 enables a clear separation between the liquid crystal 
regions and the polymer walls, greatly decreases interfaces between the liquid crystal regions and the polymer 
walls in the pixels 92, and sufficiently reduces the light scattering between the liquid crystal regions and the 
polymer walls. 

Items described in Example 2: Alight regulating means such as a photomask. Irradiation light, etc. can be 
applied to Example 10. 

30 

Example 11 

Example 11 Is the case where the response speed is sufficiently Improved and a high electrical holding 
ratio can be maintained. The present example wOl be described by way of illustrating Applications. 

35 

Application 28 

Figure 42 Is a cross-sectional view showing a liquid crystal display device of Application 28. In the liquid 
crystal display device, a display medium is provided between two facing substrates 101 and 102. The display 
^ medium has a structure in which liquid crystal regions 108 are partitioned by polymer walls 107 formed in a 
matrix. A plurality of electrode lines 103 are provided in parallel on a base substrate 101a. Moreover, an ori- 
entation film 1 05 is formed so as to cover the electrode lines 103. On the substrate 102. a plurality of electrode 
lines 104 are provided in parallel on a substrate 102a. Moreover, an orientation film 106 Is formed so as to 
cover the electrode lines 104. The electrode lines 104 are formed on the substrate 102 so as to cross the eleo- 
^ trode lines 103 formed on the substrate 101 at right angles. 

Each crossed portion of the electrode lines 103 and 104 defines a pixel 110 as shown in Figure 43. It is 
not necessary that the electrode lines 103 and 104 cross each other at right angles, and they may just cross 
each other. Furthermore, in the case where a display device is used in an active matrix system, e.g.. a TFT 
is used as an active element formed on a pixel electrode on one substrate (generally, one TFT is provided for 
^ one pixel), one counter electrode can be used on the other substrate. 

The display medium containing polymer walls 107 and liquid crystal regions 108 is obtained as follows: 
A liquid crystal material and a polymerlzable compound material containing a liquid crystalline compound 
having at least one polymerlzable functional group in its molecule is mixed, and the mixture is polymerized. 
Thus, the display medium Is obtained by a phase separation involved In this reaction. Each liquid crystal region 
108 has a structure in which a polymerlzable liquid crystalline compound 109 is present in the vicinity of the 
interface between the liquid crystal region 108 and the polymer wall 107. 

Hereinafter, a method for manufacturing a liquid crystal display device with the above-mentioned structure 
will be described. 
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First, a liquid crystaliine compound Inaving a polymerizable functional group in its molecule was prepared. 
The polymerizable liquid crystalline compound was referred to as, for example, a compound X (represented 
by the following Formula (1)). 



The compound X was prepared as follows: 

First, 4'-hydroxy-4-phlorobiphenyl was esterlfied by using excess 1,10-dibromodecane in the presence of 
calcium carbonate. Then, the esterlfied 4'- hydroxy-4-fiuorobi phenyl was purified by a column chromatography, 
and the purified substance was mixed with an equimolar tetramethyleneammonlum-hydroxypenlahydrate. The 
mixture thus obtained was esterlfied with acrylic acid to obtain a polymerizable liquid crystalline compound. 
The polymerizable liquid crystalline compound can previously be prepared. 

Next, a pair of substrates each having electrode lines 103 and 104 on a PET film with a thickness of 0.25 
mm were obtained. The electrode lines 103 and 104 were formed of ITO (a mixture of indium oxide and tin 
oxide), had a thickness of 500 Angstroms, a width of 200 ^im, and each electrode line was disposed with an 
interval of 50 ^im between lines. The number of the electrode lines 103 and that of the electrode lines 104 
were 20, respectively. Polyimide obtained by adding 5% of a polymerization initiator (Irgacure184) to SE150 
(manufactured by Nissan Chemical Industries Ltd.) was coated onto one substrate by a spin coating method. 
The coated film was subjected to a rubbing treatment by using a nylon cloth. 

Spacers with a diameter of 6 ^im were dispersed on one of the substrates 101 and 102 and the other sub- 
strate was placed theron so as to keep a predetermined gap therebetween, whereby a cell was formed. At 
this time, the electrode lines 103 and 104 crossed each other at right angles. 

Then, a photomask having masking portions 111 for each pixel 110 as shown by shaded portions of Figure 
43 (I.e., having masking portions in a dot pattern) was placed on the cell thus formed so that the masking por- 
tions 111 covered the pixels 110. Moreover, a homogeneous mixture previously prepared was Injected into the 
cell. The mixture contained 0.1 g of trimethylol propane trimethacrylate, 0.35 g of 2-ethylhexyl acrylate. 0.45 
g of Isobornyl acrylate, 4 g of the compound X and a liquid crystal material (l.e., 0.2 g of the compound X and 
3.8 g of a liquid crystal material (ZLI-4792, manufactured by Merck & Co.. Inc.)) to which 0.3% of cholesteric 
nanonate (CN) was added, and 0.15 g of a polymerization Initiator (Irgacure 184). Namely, the mixture con- 
tained a polymerizable material, a polymerizable liquid crystalline compound (compound X), a liquid crystal 
material, and a polymerization initiator. Then, the cell was irradiated through the photomask with UV-rays at 
an illuminance of 1 0 mW/cm2 for 5 minutes by using a high-pressure mercury lamp which can provide parallel 
rays, whereby the polymerizable material was cured. 

Another cell was separately formed In the same manner as the above, and one substrate of the cell was 
peeled off from the other substrate in liquid nitrogen, and the liquid crystal material was washed away with 
acetone. After that, a horizontal cross-section of the polymer walls was observed by an SEM, revealing that 
liquid crystal regions with the same regularity as that of a dot pattern of the photomask (i.e., the same regularity 
as that of the pixels 110) were uniformly formed, each liquid crystal droplet having almostthe same size. Since 
the polymer walls 107 were likely to be damaged while forming a sample, 20 liquid crystal regions which had 
the most excellent regularity in the sample were selected for observation. Thus, the same regularity is required 
for the photomask. 

Polarizing plates were attached to the cell so that the respective polarizing directions were aligned with 
the orientation directions of the corresponding orientation films, whereby a polymer dispersed liquid crystal 
display device of a TN mode was manufactured. 

Comparative Example 23 

As a comparative example with respect to Application 28. a liquid crystal display device was manufactured 
as follows: 

A cell was formed In the same way as in Application 28, except that glass with ITO (flint glass with ITO 
having a thickness of 500 Angstroms, manufactured by Nippon Sheet Glass Co., Ltd.) was used instead of the 
substrates used in Application 28. Moreover, only the same liquid crystal material as that of Application 28 was 
injected into the cell. Then, polarizing plates were attached to the cell so that the respective polarizing direc- 
tions were aligned with the orientation directions of the corresponding orientation films, whereby a conven- 
tional TN liquid crystal display device was manufactured. 
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Comparative Example 24 

As a comparative example with respect to Application 28, a TN cell was formed in the same way as in 
5 Application 28. Then, the same mixture as that of Application 28 containing the liquid crystal material and the 
light-curable material (to which the compound X was not added) was injected Into the cell. The cell was Irra- 
diated with UV-rays in the same way as in Application 28 without a photonnask. whereby a polymer dispersed 
liquid crystal display device was manufactured. 

Table 16 shows the eieclro-optic characteristics of the liquid crystal display device of Application 28 to- 
10 gether with those of the liquid crystal display devices of Comparative Examples 23 and 24. 



Table 16 





Comparison of electro-optic characteristics 


1$ 




Application 28 


Comparative Example 23 


Comparative Example 24 




Contrast 


40 


41 


9 


20 


Response speed + 
Td(ms) 


30 


45 


150 



As Is understood from Table 1 6, the liquid crystal display device of Application 28 has an electro-optic char- 
acteristic comparable to that of the liquid crystal display device of Comparative Example 23 which has con- 
ventionally been used. Moreover, in Application 28, the liquid crystal display device has less light scattering in 

25 pbceis, compared with the conventional polymer dispersed liquid crystal display device (Comparative Example 
24), so that contrast of the liquid crystal display device In Application 28 is remarkably high. Moreover, the 
response speed of Application 28 is about 5 times that of Comparative Example 24. Furthermore, the response 
speed of Application 28 is faster than that of the TN liquid crystal display device of Comparative Example 23 
due to the effects of the liquid crystalline compound fixed on the polymer wails. In the present invention, the 

30 response speed was taken as a sum of a response speed (xr) under the condition that a saturation voltage 
was applied and a response speed (xj under the condition that the saturation voltage was not applied. 

in application 28, in order to use ZLi-4792 having fluorine as a liquid crystal material, a fluorine atom was 
contained in the poiymerizable liquid crystalline compound as shown in Formula (1). Because of this, the liquid 
crystal molecules present in the vicinity of the interfaces between the liquid crystal regions and the polymer 

35 walls are chemically stabilized; as a result, a TFT of a charge holding type can be applied to the liquid crystal 
display device without decreasing the electrical holding ratio of an entire liquid crystal display device. Such 
advantages can also be obtained in the case where chlorine atoms are contained in the poiymerizable liquid 
crystalline compound. 



40 Application 29 

A liquid crystal display device was manufactured by changing the kinds of poiymerizable liquid crystalline 
compound to be used. In Application 29, a poiymerizable liquid crystalline compound prepared by using a fer- 
roelectric compound Y represented by the following Formula (2) in accordance with "Liquid Crystal" vol. 9, No. 
45 5, pp. 635-641 (1991) was used. 



First, two substrates which were subjected to uniaxial orientation treatment in the same way as in Appli- 
cation 28 were made to face each other with silica beads having a diameter of 2 \m sandwiched therebetween. 
At this time, each rubbing direction of the substrates was aligned. Then, a homogeneous mixture containing 
55 0.018 g of trimethylol propane methacrylate, 0.060 g of lauryl acrylate, 0.020 g of compound Y, 0.002 g of a 
polymerization initiator (Irgacure 651 ). and 0.400 g of a ferroelectric liquid crystal material (ZLI-4237-000) was 
injected into the ceil. Namely, the mixture contained the poiymerizable material, the poiymerizable liquid crys- 
talline compound (compound Y), the polymerization initiator, and the ferroelectric liquid crystal material. 

After that, a photomask was placed on the cell in the same way as in Application 28, and the cell was 
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irradiated through the photomask with UV-rays at 1 0 mW/cm2 for 20 minutes by using a high-pressure mercury 
lamp which can provide parallel rays, whereby the polymerlzable material was cured, 

5 Comparative Example 25 

A mixture containing the ferroelectric liquid crystal (ZLI-4003) which was the same kind as that of Appli- 
cation 29 and a light-curable material excluding the compound Y was injected Into the cell. Then, the cell was 
irradiated with UV-rays without a photomask in the same way as in Application 28, whereby a polymer dis- 
10 persed liquid crystal display device was manufactured. 

Comparative Example 26 

Only the ferroelectric liquid crystal (ZLI-4003) was injected between the substrates prepared in the same 
15 way as in Application 29, whereby a liquid crystal cell was formed. 

Table 17 shows electro-optic characteristics of the cell of Application 29 and results obtained by measuring 
shock resistance together with those of the cells of Comparative Examples 25 and 26. The electro-optic char- 
acteristics were obtained by measuring a response speed, a memory pulse width, contrast, and applied pres- 
sure; and the shock resistance was measured by an Impact test 
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10 kgf/cm^ 


1 kgf/cm^ 
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35 


Impact test 
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^ Note: In Comparative Example 26, the liquid crystal 
layer takes a certain state by the application of a 
voltage; however, it cannot hold the state^ when a 

^ voltage is made 0 V. The liquid crystal molecules in 
the device are not in a symmetrical orientation which 
enables bistability. 

50 The above-mentioned electro-optic characteristics were measured under the following conditions: 

Acell was placed between polarizing plates of an optical characteristic measurement system under crossed 
Nicols. Then, the electro-optic characteristics of the cell were measured under the condition that the polarizing 
plate was rotated by 22.5* so that polarity of the electrical field and that of the signal from a photodetector 
coincided with each other (here, the angle of the polarizing plate, in which the maximum values of the photo- 

55 detector with respect to the intensity of transmitted light in positive and negative electrical fields became almost 
the same, was taken as 0. when a rectangular wave with 1 00 Hz and ±10 V was applied). Each measurement 
value was obtained as follows: 
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(Response speed) 

Aresponse speed is taken as the average time which is required for the optical amount of the cell to change 
6 from 10% to 90% when a pulse rises/falls as a result of the application of a rectangular wave with 1 00 Hz and 
±10 V. 

(A memory pulse width) 

10 A memory refers to a pulse width required for holding bistable two states, when a voltage is made 0 V. 
The two states are obtained, when voltages with different polarity are applied to the polymer dispersed liquid 
crystal layer (i.e., energy required for changing the two states expressed by the formula: Voltage x Pulse width 
(sec.) is given to the layer). In this case, a memory pulse width Is a pulse width of a bipolar pulse of ±10 V. 

15 (Contrast) 

Contrast is measured as (Vqn - Vd)/(Voff - Vp). where Vqn is a photodetector signal in an ON state, Vqff 
is a photodetector signal in an OFF slate, and Vd is a photodetector signal in a dark state under the condition 
that a memory state of all of the pbcels Is switched. 

20 

(A pressure application test) 

A pressure application test is conducted by a compression test using a pressure test machine (AGS-1 OOA, 
manufactured by Shimadzu Seisakusho Ltd.). A cell is placed on a horizontal table, and a load is applied to 
25 the cell through a bar which is in contact with the cell In a horizontal manner. The diameter and the cross section 
of the bar are 8 mm and 0.670 cm2. respectively. The change of load is checked when the orientation is 
changed. 

(An impact test) 

30 

The change of the orientation of the liquid crystal molecules in a cell is checked, when the cell Is dropped 
from a height of 50 cm to a linoleum table. In Table 17, a mark O shows that the orientation is slightly disturbed 
between the polymer walls and the liquid crystal; however, no problem is caused for practical use. A mark x 
shows that the orientation is disturbed in the pixels. This indicates a problem for practical use. A mark A shows 

35 that the orientation state Is partially disturi[>ed due to the impact. 

As is understood from Table 17, the cell of Application 29 is more excellent in the pressure application test 
and the impact test, compared with the cell of Comparative Example 25 using the same fenroelectric liquid 
crystal as that of Application 29. Moreover, in Comparative Example 26, the liquid crystal molecules are not 
sufficiently aligned, so that contrast Is low. Furthermore, the cell of Comparative Example 26 cannot be meas- 

40 ured in the impact test, since the orientation of the liquid crystal molecules are not sufficient from the beginning. 
In contrast, the cell of Application 29 provides satisfactory results in both of these tests. 

As described above, according to Application 29, a mixture containing a liquid crystal material and a poly- 
merizable compound material which contains a liquid crystalline compound having at least one polymerizable 
functional group In Its molecule is polymerized. As a result of this reaction, a phase separation occurs between 

45 polymer walls and liquid crystal regions, whereby a display medium in which the liquid aystal regions are par- 
titioned by the polymer walls is formed. On each interface between the polymer wall and the liquid crystal re- 
gion, the liquid crystalline compound is fixed. Due to this structure, each interface between the liquid crystal 
region and the polymer wall is driven by the application of a voltage, and a driving force is Increased under no 
applied voltage, since the liquid crystalline compound is bound to the polymer wall. Thus, Tr and Xd are inv 

50 proved. Moreover, the phase separation is clearly conducted since the liquid crystalline compound is fixed to 
the interface between the polymer wall and the liquid crystal region. 

In the case where a mixture containing ferroelectric liquid crystal as a liquid crystal material and a poly- 
merizable compound material which contains a liquid crystalline compound having a polymerizable functional 
group and an optically active gnDup in its molecule is used, liquid crystal molecules having an optically active 

55 functional group are present at the interfaces between the polymer walls and the liquid crystal regions. Due 
to the presence of the liquid crystalline molecules, the liquid crystal regions are influenced by the ability of 
the polymer walls as well as that of the substrate. That is, the orientation regulating ability of the substrate 
(subjected to an orientation treatment) and that of the polymer walls (which have a component in a direction 
orthogonal to the surface of the subsfrate) influence the liquid crystal regions. Thus, the orientation of the 
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liquid crystal molecules is stabilized to improve shock resistance. 

Furthermore, In the case where a mixture containing a liquid crystal material of a fluorine type and/or a 
chlorine type and a polymerizabie compound which contains a polymerlzable liquid crystalline compound hav- 
5 Ing a fluorine atom(s) and/or a chlorine atom(s) in its molecule Is used, liquid crystal molecules are chemically 
stabilized. Due to the chemical stability, a charge holding type element such as a TFT can be applied to the 
liquid crystal display device of the present Invention without decreasing the electrical holding ratio of an entire 
display device. 

10 Application 30 

Application 30 is the case where the orientation regulating ability of a polymer with respect to liquid crystal 
is increased. In this case, a mixture containing a polymerlzable material having a liquid crystalline functional 
group and a liquid crystal material is used, whereby a phase separation of the mbcture containing a curable 
15 material and liquid crystal is achieved in a liquid crystal phase. Thus, the polymer walls as well as the liquid 
crystal regions can be in an orientation state. 

Hereinafter, a method for manufacturing a liquid crystal display device of Application 30 will be described. 
First, the compound X used in Application 28 was prepared. Then, a homeotropic orientation film (JALS- 
203-R6, manufactured by Nippon Synthetic Rubber Co., Ltd.) was coated onto a glass substrate (1 .1 mm thick- 
20 ness) with ITO (a mixture of indium oxide and tin oxide having a thickness of 500 Angstroms) as transparent 
electrodes by a spin coating method. After that, the substrate was baked. Two substrates treated in this way 
were made to face each other with spacers sandwiched therebetween so as to give a gap of 6 jim. Thus, a 
cell was formed. 

Then, a photomask having square masking portions was placed on the cell so that the masking portions 
25 covered the pixels. Each square masking portion had a side of 200 ^m and were provided at an interval of 50 
^im therebetween (i.e., the masking portions were disposed at a pitch of 250 ^im). Moreover, a mixture con- 
taining 0.1 g of acrylate with two functional groups, i.e., a pholopolymerizable compound (R-684, manufactured 
by Nippon Kayaku K.K.), 0.05 g of styrene, 0.85 g of the compound X, 4 g of a liquid crystal material (ZLI-2806, 
where anisotropy of dielectric constant Ae is < 0: manufactured by Merck & Co., Inc.), and 0.0025 g of a pho- 
30 topolymerlzation initiator (Irgacure 651) was prepared. 

The mixture thus prepared was observed by a polarizing microscope while varying temperature, revealing 
that the transition temperature at which liquid crystal was changed to nematic liquid crystal was 45''C and a 
transition temperature at which nematic liquid crystal was changed to a homogeneous liquid was 78X. The 
mixture was Injected into the cell at 48«C (In a nematic state). After that, the cell was irradiated with UV-rays 
35 through the photomask by using a high-pressure mercury lamp which can provide parallel rays under the con- 
dition that a cycle including one second irradiation and 30 seconds non-irradiation was repeated 20 times at 
10 mW/cm2 and 48°C. Then, the cell was continuously irradiated for 10 minutes. Moreover, the cell was irra- 
diated without the photomask for 10 minutes, whereby the polymerlzable compound contained In the mixture 
was cured. 

40 One substrate was peeled off from the other substrate in liquid nitrogen, and the liquid crystal material 
was washed away with acetone. Afterthat, a horizontal section of the polymer walls was observed by the SEM, 
confirming that the liquid crystal regions with the same regularity as that of a dot pattern of the photomask 
(i.e., the same regularity of the pixels) were formed, each liquid crystal region having almost the same size. 
Two polarizing plates were attached to the upper and lowersidesof the cell so that each polarizing direction 

45 crossed each other at right angles, whereby an ECB liquid crystal display device, in which the liquid crystal 
regions were partitioned by the polymer walls, was manufactured. 

Application 31 

50 Application 31 is within the scope of Application 29 or 30. A liquid crystal display device of Application 31 
was manufactured as follows: 

First, a cell was formed in the same way as in Application 30. The same mixture as that of Application 30 
was injected into the cell. Then, the mixture was kept at 1 0O'^C, at which temperature the mixture became ho- 
mogeneous. A photomask was placed on the cell in the same way as in Application 30 and the cell was irra- 

55 dieted with UV-rays. Finally, two polarizing plates were attached to the cell in the same way as In Application 
30. 
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Comparative Example 27 

The same orientation film as that of Application 30 was formed on the same substrate as that of Application 
5 30, and the orientation film was subjected to a rubbing treatment by a nylon cloth. Then, the two substrates 
thus treated were made to face each other In the same way as In Application 30 so that the directions of the 
orientation films which are not in parallel with each other was obtained. After that, only the same liquid crystal 
material (ZLI-2806) as that of Application 30 was injected between the substrates, whereby a cell was formed. 
Two polarizing plates were attached to the upper and lower sides of the cell so that each polarizing direction 
10 crossed the other at right angles, whereby a conventional ECB display device was obtained. 

Comparative Example 28 

A cell was formed In the same way as in Application 30. The same mbcture as that of Application 30 was 
15 injected into the cell, and then the cell was irradiated with UV-rays in the same way as in Application 30 without 
a photomasic Two polarizing plates were attached to the cell in the same way as in Application 30. whereby 
a polymer dispersed liquid crystal display device was manufactured. 

Table 18 shows the electro-optic characteristics of the above-mentioned liquid crystal display devices. In 
an item of Inversion phenomenon in halftone, a mark O shows a state In which Inversion phenomenon is not 
20 caused, a mark x shows a state in which inversion phenomenon is easily observed, and a mark A shows a 
state in which Inversion phenomenon is barely observed. 



Table 18 



Comparison of electro-optic characteristics 
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35 As Is understood from Table 18, the liquid crystal display device of Application 30 is excellent In a black 
state under no applied voltage due to the homeotropic orientation of the polymer portions, and has an electro- 
optic characteristic comparable to that of the liquid crystal display device of Comparative Example 27. More- 
over, in Application 30, a film substrate can also be used. Compared with the polymer dispersed liquid crystal 
display device of Comparative Example 28. the liquid crystal display device of Application 30 has higher con- 

40 trast because of less light scattering In its pixels. 

Furthermore, in Application 30, the liquid crystal molecules tilt In various directions due to the Interaction 
with the polymer walls, so that the same refractive index can be obtained when seen from any direction. Im- 
proving the viewing angle characteristic. In Comparative Example 27, the liquid crystal molecules tilt in one 
direction under an applied voltage, due to the rubbing treatment in one direction. Thus, the refractive Index Is 

45 varied depending upon the direction In which the liquid crystal molecules are seen, so that Inversion phenom- 
enon and change of contrast are caused depending upon the direction of the observation, deteriorating the 
viewing angle characteristic. In Comparative Example 28, liquid crystal regions in a particle shape were formed, 
and as a whole, a rough display was obtained. 

The observation of the cell of Application 31 by a polarizing microscope revealed that the liquid crystal 

50 regions were in a nearly homeotropic orientation and light was passed through the polymerwalls under crossed 
Nicols. Thus, contrast of the liquid crystal display device of Application 31 Is slightly lower than that of Appli- 
cation 30. 

Next, the reasons why a viewing angle characteristic Is Improved In Application 30 will be described. 

A liquid crystal display device utilizing a conventional polarizing plate has a poor viewing angle character- 
55 istlc. Thus, such a device is not suitable as a liquid crystal display device which is seen at a large angle (i.e., 
which Is seen from various directions). For example, in the case where an Initial orientation of liquid crystal 
molecules is a homeotropic orientation in an ECB liquid crystal display device, an orientation film is subjected 
to an orientation treatment so that the liquid crystal molecules tilt in one direction when applied with a voltage. 
Because of this, the liquid crystal molecules tilt In one direction in a halftone. Thus, when a liquid crystal mol- 
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ecule 121 is seen from an A direction and a B direction as shown in Figure 44A, each apparent refractive Index 
is different, and contrast seen from the respective directions is greatly different. In some cases, a display defect 
such as inversion phenomenon Is caused. In this way, the conventional liquid crystal display device has a poor 

5 viewing angle characteristic. 

On the other hand. In a liquid crystal display device (with a polarizing plate) in which a phase separation 
between liquid crystal and a polymer material Is regularly conducted by using a photomask, the liquid crystal 
molecule 121 tilts toward each polymer wall 126 under a voltage applied, due to the interaction between the 
liquid crystal molecule 121 and the polymer wall 126 as shown In Figure 44B. Thus, each apparent refractive 

10 index of a C direction and a D direction Is almost the same, having great advantages in the improvement of a 
viewing angle characteristic. However, in this case, a very thin polymerf ilm is formed between the liquid crystal 
molecules and the substrate in the liquid crystal regions, so that homeotropic orientation effects of the sub- 
strate are decreased, even though a homeotropic orientation film excellent in orientation regulating ability is 
used. Due to this, the homeotropic orientation of the liquid crystal molecules is slightly disturbed, and part of 

15 the light is passed through the cell under crossed Nicols, slightly decreasing contrast Moreover, in the case 
of a mode utilizing a homeotropic orientation film, small liquid crystal droplets are formed in the polymer walls, 
the orientation state on the substrate is not reflected in the orientation of the liquid crystal molecules, and the 
liquid crystal molecules are in a random orientation. Therefore, part of the light is transmitted though the cell 
under crossed Nicols, remarkably decreasing apparent contrast. In the case of a ferroelectric liquid crystal dis- 

20 play device, there is a problem of low shock resistance. This problem can be overcome by dispersing liquid 
crystal regions in the polymer wails; however, in this case, a phase separation is not clearly conducted making 
it difficult to regulate the orientation. 

In Application 30. a homogeneous mixture containing a liquid crystal material and a polymerizable com- 
pound material (polymerizable compound having liquid crystallinity) Is used and the polymerizable compound 

25 is cured in a liquid crystal state, whereby a phase separation is conducted between the liquid crystal and the 
polymer. According to this method, the liquid crystal and the polymer can be made in the same orientation 
state. In addition, if the polymerizable compound is cured in a liquid crystal state, the orientation state of the 
polymer walls as well as that of the liquid crystal regions can be maintained, so that the orientation of the liquid 
crystal regions becomes strong. 

30 In particular, In the case of a general ECB liquid crystal display device, minute liquid crystal molecules 
are randomly aligned in the polymer walls, so that light is transmitted through the cell under crossed Nicols, 
decreasing contrast. On the other hand, in the case of Application 31. the liquid crystalline compound Is con- 
tained in the polymer, and the compound has the same orientation as that of the liquid crystal material, so 
that light is hardly transmitted through the cell under crossed Nicols. Moreover, in the case of an ECB liquid 

35 crystal display device (with polarizing plates) to which Application 31 is applied, the liquid crystal molecules 
tilt in a random direction under an electrical field, due to the interaction between the polymer walls and the 
liquid crystal molecules. Therefore, the refractive Index becomes the same, when seen from any direction, mak- 
ing the viewing angle characteristic in a halftone excellent. 

40 Application 32 

Application 32 is the case where contrast is improved, in addition to Application 30 in which the liquid crystal 
regions and the polymer walls have the same orientation state. In Application 32, a dichroic dye is used. 
Hereinafter, a method for manufacturing a liquid crystal display device of Application 32 will be described. 
45 A cell was formed so as to have a thickness of 9 ^m in the same way as in Application 30. A mixture was 
prepared in the same way as in Application 30, except that a liquid crystal material in which 4% of a dichroic 
dye (S-301. manufactured by Mitsui Toatsu Chemicals. Inc.) was added to ZLl-2806 was used. A mixture con- 
taining the liquid crystal material and the other materials (e.g., a photopolymerization initiator) was checked 
for its transition temperature by a differential scanning calorimeter (DSC), leading to almost the same results 
50 as those of Application 30. Then, the mixture was injected into the cell at 48°C and the cell was irradiated with 
UV-rays through a photomask, whereby the polymerizable material contained in the mixture was cured. 

A substrate on which Al was vapor-deposited was placed on the cell thus obtained. Then, an optical source 
and an observation section were respectively placed in different positions at an angle of 30*» from a vertical 
direction with respect to the cell, whereby an electro-optic characteristic as a reflective liquid crystal display 
55 device was measured. 

In the cell thus obtained, as shown In Figure 45A, liquid crystal molecules 121 and a dichroic dye 122 in 
a liquid crystal region 127 and a polymer and the dichroic dye 122 in a polymer wall 126 were aligned in the 
same direction under no applied voltage, so that the whole area (i.e., the liquid crystal regions and the polymer 
walls) was in a colorless state. When a voltage was applied to electrodes 123, as shown in Figure 45B, the 
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liquid crystal molecules 121 and the dichrolc dye 122 in the liquid crystal region 127 alone changed their ori- 
entation to be colored. In Figures 45A and 45B, the reference numeral 124 denotes a substrate, and 128 an 
orientation film. The contrast and saturation drive voltage of the liquid crystal display device of Application 32 
s were 7 and in the vicinity of 7 V, respectively. Moreover, the liquid crystal molecules tilt in an omnidirection 
under an applied voltage, so that contrast was uniform in an omnidirection. 

Comparative Example 29 

10 A liquid crystal display device was manufactured as follows: 

A substrate was subjected to a rubbing treatment in one direction by using a nylon doth in the same way 
as In Application 32. Two substrates thus obtained faced each other so that each orientation direction was in 
an anti-parallel state. Then, ZLI-2806 (containing 4% of a dichroic dye S-301) was injected into the cell. Thus, 
a conventional liquid crystal display device of a GH mode was manufactured. In this device, the liquid crystal 

15 molecules tilted in one direction under a voltage applied, so that contrast was varied depending upon the ob- 
servation direction, decreasing display characteristics. 

As described above, in the case of Applications 30 and 32, the poiymerizable material is cured in a liquid 
crystal state, so that the orientation direction of the liquid crystal layer can artificially be determined. When 
the poiymerizable material is cured in a non-liquid crystal state as in Applications 28 and 29, a very thin polymer 

20 film Is formed between the substrate and the liquid crystal layer. Therefore, the orientation regulating ability 
of the substrate is decreased, making itdifficultto artificially determinethe orientation of the liquid crystal layer. 
Moreover, In Applications 28 and 29. the polymer Is not aligned, so that minute liquid crystal molecules entered 
from the liquid crystal regions Into the polymer walls are randomly aligned since the molecules are aligned 
along the polymer walls, causing problems. For example, in the case where the liquid crystal display device 

25 is used under crossed Nicols, utilizing a homeotropic orientation film, the minute liquid crystal molecules In 
the liquid crystal regions are randomly aligned, so that light leakage is generated to decrease contrast in the 
case of Applications 30 and 32. due to the thin polymer film entered between the substrate and the liquid crystal 
regions, the polymer is also aligned to be cured in the orientation direction of the substrate; as a result, the 
liquid crystal regions are aligned in the orientation direction of the substrate. 

30 The liquid crystal display devices of Applications 30 and 32 can be applied to conventional liquid crystal 
display devices which require an orientation treatment, such as TN, GH. STN. ECB and FLC liquid crystal dis- 
play devices. In particular, applications in ECB, GH, FLC liquid crystal display devices are effective. For ex- 
ample, when the liquid crystal display devices of Applications 30 and 32 are applied to an ECB liquid crystal 
display device, the viewing angle characteristic can be improved. That is, in an ECB mode, liquid crystal mol- 

35 ecules are in a homeotropic orientation under no applied voltage (black state under crossed Nicols). When a 
voltage is applied, the liquid crystal molecules tilt (a white state is obtained due to birefringence). The liquid 
crystal molecules tilt in various directions due to the interaction between the liquid crystal molecules and the 
polymer, so that the refractive index becomes the same in any directions, whereby the viewing angle charac- 
teristic can be improved. 

40 Even in the case of the ECB liquid crystal display device (with no polarizing plate) in which a dichrolc dye 
is added, when the polymer walls are not aligned, the dichroic dye contained in the polymer walls takes a col- 
ored state in a random orientation and the orientation of the dichroic dye is not changed with respect to the 
application of an electrical field, decreasing overall contrast. On the other hand, in the case where the polymer 
is also aligned as in Applications 30 and 32, the dichroic dye contained in the polymer walls can also be in a 

45 homeotropic orientation state. Thus, in the polymer walls, a nearly transparent state as a whole is changed to 
a state in which only the dichrolc dye is colored, and the dichroic ratio of the dichroic dye can be used to the 
tull. Moreover, when the poiymerizable compound material is cured by using a photomask, since the dichroic 
dye is contained in the mixture, light is not leaked into masking portions of the photomask. Therefore, regions 
where the polymer walls are to be formed are clearly limited. Furthermore, in this case, due to the electrical 

50 field, the polymer walls and the orientation ability of the liquid crystal, the liquid crystal molecules in a vertical 
direction are aligned In a horizontal direction with respect to the cell and in a random direction within a surface 
horizontal with respect to the cell. Thus, a reflective liquid crystal display device excellent in viewing angle char- 
acteristic can be manufactured. 

In the application to a GH mode using liquid crystal to which a dichroic dye is added, the vertical direction 

55 and the horizontal direction of the liquid crystal molecules can electrically be switched, so that a dichroic ratio 
of the dichrolc dye can be used to the full. Moreover, the dichroic dye contained in the polymer walls are in a 
homeotropic orientation, so that its molecules are aligned in a direction to be colorless. Thus, a colorless state 
as a whole can be electrically changed into a state in which only liquid crystal regions are colored. 

In the application to an FLC liquid crystal display device, the liquid crystal molecules are more strongly 
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aligned due to the uniaxially oriented polymer. Because of tliis, low shock resistance which Is the most serious 
disadvantage of the FLC can be improved by the polymer walls. Furthermore, in the case where a FLC poly- 
merizable material Is used as a light-curable material, the FLC polymer also responds to the application of a 
5 voltage, and a half tone display can be realized because of the difference In the drive voltage between the 
FCL and the FLC polymer. 

In Applications 30 and 32, the polymerizable material contained in the mixture Is cured in a liquid crystal 
state. Examples of the liquid crystal state include a nematic phase, smectic phase, and a cholesteric phase. 

Hereinafter, materials applicable to the present examples will be described. 

10 

(A polymerizable liquid crystalline compound) 

As a polymerizable liquid crystalline compound, the compound X is used In Applications 28, 30 and 32 
and the compound Y Is used In Application 29. The present Invention is not limited thereto. A general compound 
15 represented by the following Formula (3) can be used. 

A - B - LC (3) 

In Formula (3). Letter A represents a polymerizable functional group. Examples thereof include functional 
groups having unsaturated bonds such as CH2=CH-. CH2=CH-COO.. CH2=C(CH3)-COO-, and -N=C=0, and 
functional groups having a heterocyclic structure with strain such as a structure represented by the following 
20 Formula (4). 

CHo - CH - . . . ( 4 ) 

25 

Letters LC represent a liquid crystalline compound. Examples thereof include a compound represented 
by the following Formula (5), a cholesterol ring, and derivatives thereof. 

D - E - G (5) 

Letter B represents a coupling group connecting the polymerizable functional group to the liquid crystalline 

30 compound. Examples thereof include an alkyi chain (-{CH2)„-). a" ©star bond (-COO-), an ether bond (-0-), a 
polyethylene glycol chain (-CH2CH2O-), and coupling groups obtained by combining these coupling groups. 
In particular. In order that the liquid crystalline compound can easily move on the polymer walls In response 
to the electrical field, a coupling group having 6 or more bonds from the polymerizable functional group to the 
fixed portion of the liquid crystal molecules Is preferred. 

35 In the case where the polymer walls are also aligned. It is preferred that the liquid crystalline compound 
exhibits liquid crystallinlty when mixed with the liquid crystal material. 

In Formula (5), Letter D represents a functional group capable of being bound to the coupling group rep- 
resented by Letter B. and has a function of influencing the degree of anisotropy of dielectric constant of the 
liquid crystal molecules and that of the anisotropy of refractive index. Examples thereof include a p-phenyl 

40 ring, a 1,10-diphenyl ring, a 1 ,4-cyclohexane ring, a 1.10-phenylcyclohexane ring, a naphthalene ring, and a 
tarphenyl ring. G represents a polar group which makes the anisotropy of dielectric constant of the liquid crystal 
exhibited. Examples thereof Include a benzene ring, a cyclohexane ring, a p-diphenyl ring, a phenylcyclohex- 
ane ring, a tarphenyl ring, and a diphenylcyclohexane ring, each having a functional group such as -CN, -OCH3, 
-F, -CI, -OCF3, -OCCI3, -H, -R (R: alkyl group). E represents a functional group connecting D to G. Examples 

45 thereof include a single bond, -CH2-, -CH2CH2-, -0-, a triple bond of cart)on-cartx)n, and -CH=CH-. 

(A liquid crystal material) 

The liquid crystal material as that of Example 2 can be used. 

50 

(A polymerizable material) 

A light-curable material (photopolymerizable material), a thermosetting material (heat-polymerizable ma- 
terial), and the like can be used. As a light-curable material, there are acrylic acids and acrylic esters having 
55 a long chain alkyl group with three or more carbons or having a benzene ring. Examples of the light-curable 
material include Isobutyl acrylate, stearyl acrylate, lauryl acrylate, Isoamyl acrylate, n-butyl methacrylate. n- 
lauryl methacrylate, tridecyl methacrylate, 2-ethylhexyl acrylate, n-stearyl methacrylate. cyclohexyl metha- 
crylate, benzyl methacrylate, 2-phenoxyethyl methacrylate, isobornyl acrylate, and isobornyl methacrylate. 
In addition, in order to increase the physical strength of the polymer, mult-functional materials having two or 
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more functional groups can be used. Examples of the mult-functional materials include bisphenyl A dimetlia- 
crylate, bisphenol Adiacrylate, 1 ,4-butanedlol dimethacrylate, 1 ,6-hexanediol dimethacrylate, trimethylol pro- 
pane trimethacryiate. trimethylol propane triacryiate, tetramethylolmethane telraacrylate. and neopentyl dia- 
crylate. More preferably, material obtained by halogenating. in particular, chlorinating or fluorlnating these 
monomers are used. Examples thereof include 2,2,3,4,4,4-hexaphlorobutyl methacrylate, 2.2,3,4,4, 4-hexa- 
chlorobutyl methacrylate. 2,2,3,3-tetraphloropropyl methacrylate. 2,2.3,3-tetraphIoropropyl methacrylate. 
perphlorooctylethyl methacrylate, perchlorooctylethyl methacrylate. perphlorooctylethyl acrylate, and per- 
chlorooctylethyl acrylate. 

As the thermosetting compound, the above-mentioned light-curable materials and compounds having an 
epoxy group, an isocyanate group, etc. in its molecules can be used. Examples of the light-curable compound 
include bisphenol A type epoxy compounds, bisphenol A diglycidyl ether, bisphenol F diglycidyl ether, hexa- 
hydrobisphenol Adiglycidyl ether, propylene glycol diglycidyl ether, neopentyl glycol diglycidyl ether, diglycidyl 
ester phthalale, triglycidyl isocyanate, and tetraglycldylmethaxylene diamine. 

These monomers can be used alone or in a combination of two or more kinds. Moreover, compounds which 
have both a light-curable property and heat-curable property can be used. Among the light-curable or heat- 
curable compounds, in the case where f luorinated compounds having the effects of reducing hysteresis and 
increasing the response speed are used, the interaction between the liquid crystal regions and the polymer 
walls can be decreased. 

As the dichrolc dye used in the present invention, both N-type and P-type dyes can be used. Examples 
of the dichrolc dye include a merocyanlne type, an anthraquinone type, a styiyi type, and an azobenzene type. 
The added amount of the dichrolc dye is in the range of 0.5% to 10% by weight based on the weight of the 
liquid crystal, preferably In the range of 1% to 5%. Moreover, it is also possible to use another dye for coloring 
together with the dichrolc dye; however, in some cases, sufficient contrast cannot be obtained due to the light 
absorption effects. 

When the liquid crystalline compound having a polymerizable functional group in its molecule is selected, 
it Is preferred in terms of compatibility that portions exhibiting liquid crystallinity of the liquid crystal material 
and those of the polymerizable liquid crystalline compound are similar to each other. In particular, when a flu- 
orine and/or chlorine type liquid crystal material (which has specific chemical environment) is used, it is pre- 
ferred that a fluorine and/or chlorine type liquid crystal material is used as a liquid crystalline compound having 
a polymerizable functional group. Moreover, in the case where ferroelectric crystal is used, a polymerizable 
compound having ferroelectric liquid crystal in its molecule is preferred for forming a stable smectic phase. 

(The weight ratio of liquid crystal and a polymerizable compound) 

The weight ratio of the liquid crystal and the polymerizable compound is preferably in the range of 50:50 
to 97:3, more preferably in the range of 70:30 to 90:10. When the percentage of the liquid crystal material Is 
less than 50%, the ratio occupied by the polymer walls increases, resulting in a remarkable rise In the drive 
voltage of the cell. Thus, practicality Is lost. In contrast, when the percentage of the liquid crystal material is 
more than 97%. the physical strength of the polymer walls decreases. Thus, stable performance cannot be 
obtained. 

Moreover, in the case where a polymerizable liquid crystalline compound and a polymerizable non-liquid 
crystalline compound are mixed, it Is preferred that the weight ratio thereof is within the above-mentioned 
range and the percentage of the polymerizable liquid crystalline compound is 0.5% or more. In particular. In 
the case where ferroelectric liquid crystal is used, a ferroelectric liquid crystal display device capable of per- 
forming a half tone display can be manufactured as follows: 

The percentage of the polymerizable liquid crystalline compound is made 70% or more, whereby two re- 
gions, I.e.i a low molecular liquid crystal region and a polymer liquid crystal region are formed. Then, a voltage 
is adjusted to a value at which each compound is driven. 

(A photopolymerization initiator or catalyst) 

A reaction initiator includes a photopolymerization Initiator, a heat polymerization Initiator, etc. As the pho- 
topolymerization initiator, Irgacure 184, Irgacure 651, Irgacure 907, Darocure 1173, Darocure 1116, Darocure 
2959. and the like can be used. As the heat polymerization Initiator, peroxides such as biphenyl peroxide and 
t-butyl peroxide; and a radical generating agent such as AIBN can be used. Moreover, the added amount of 
the polymerization initiator(s) is varied depending upon the reactivity of each compound. There is no special 
limit in the present example. It is preferred that the added amount of the photopolymerization initiator(s) is in 
the range of 0.01% to 5% based on the total amount of a mbcture of liquid crystal and a light-curable material 

60 



EP0 568 355 A2 



(containing polymerizable liquid crystalline material). When the added amount is more than 5%. the phase sep- 
aration speed between the liquid crystal and the polymer is too high to be regulated. As a result, liquid crystal 
regions become small, the drive voltage is increased, the orientation regulating ability of the orientation film 
5 on the substrate is decreased, less liquid crystal regions are formed In pixels (liquid crystal regions are formed 
in the maslcing portions in the case where a photomask is used), and contrast is decreased. In contrast, when 
the added amount is less than 0.01%, the polymerizable material cannot be sufficiently cured. 

(An orientation film) 

10 

As a material for the orientation film, organic films such as polyimide (SE 150, manufactured by Nissan 
Chemical Industries Ltd.; Cytop, manufactured by Asahi Glass Co., Ltd., etc.) and inorganic films such as SiO 
can be used. If required, the orientation film is subjected to a rubbing treatmenL 

In Example 11. items described in Example 2: A light regulating means such as a photomask. Irradiation 
15 light, etc. can be applicable. 

Example 12 

Example 12 Is the case where the response speed and the electrical holding ratio of a non light scattering 

20 type liquid crystal display device are increased by taking advantage of the mixture. 

The mixture to be used in the liquid crystal display device of the present example is formed of a liquid 
crystal material, a polymerizable liquid crystalline compound, a photopolymerizable compound, and a photo- 
polymerization initiator; or a liquid crystal material, a polymerizable liquid crystalline compound, a heat poly- 
merizable compound, and a heat polymerization initiator. 

25 The liquid crystal material and the polymerizable liquid crystalline compound are selected so that the prod- 
uct of anisotropy of dielectric constant As l and a polymerizable liquid crystal compound Aep (i.e., Ael- Asp) be- 
comes negative. The purpose of this condition is that a liquid crystalline polymer is supported by polymer walls 
when the photo- or heat-polymerizable compound and the polymerizable liquid crystalline compound are 
cured. In this structure, the interfaces between the liquid crystal regions and the polymer walls are driven under 

30 an applied voltage. When a voltage is not applied, the interaction between the liquid crystalline polymer and 
the polymer walls is increased since the end portions (polymerizable functional groups) of the liquid crystalline 
polymer and the polymer walls are bonded to each other. Then, the orientation is disturiDed between the liquid 
crystalline polymer and the liquid crystal molecules in the liquid crystal regions, so that the liquid crystal mol- 
ecules immediately return to the orientation in a light scattering state. As a result, the response speed of the 

35 liquid crystal display device can be improved. The anisotropy of dielectric constant is an intrinsic property of 
the liquid crystalline functional group and does not change before and after the polymerization reaction, so 
that the anisotropy of the dielectric constant of the polymerizable liquid crystalline compound and that of the 
polymerized liquid crystalline compound are the same. Moreover, even In the case where the liquid crystal 
material and the polymerizable liquid crystalline compound which have a fluorine atom(s) and/or a chlorine 

40 atom(s) in its molecule and have a weak interaction therebetween are used, an element of a charge holding 
type such as a TFT can be applied to the liquid crystal display device due to the chemical stability inherent in 
these materials without decreasing the electrical holding ratio of the device itself. 

In the case where the polymerizable liquid crystalline compound and the heat polymerizable compound 
are thermally polymerized in the present example. If a response speed is low. polymerized ends are formed 

45 in the liquid crystal regions, resulting in the formation of the polymer walls in the liquid crystal regions and 
decreasing contrast Thus, it is preferred that the reaction system and reaction conditions which make the poly- 
merization reaction complete within 10 minutes are selected. 

Hereinafter, materials and the like applicable to the present example will be described. 

50 (A polymerizable material) 

The respective polymerizable compounds described: A polymer material in Example 11 can be used as 
the photopolymerizable compound and the heat polymerizable compound. 

55 (A weight ratio of the liquid crystal material with respect to the polymerizable compound, etc.) 

The mixed ratio of the liquid crystal material with respect to the polymerizable liquid crystalline compound 
and the photo- or heat-polymerizable compound is preferably In the range of 50:50 to 97:3 (weight ratio), nrare 
preferably In the range of 70:30 to 90:10 (weight ratio). When the mixed ratio of the liquid crystal material is 
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less than 50% by weight, a great number of polymer walls are formed, remarkably Increasing the drive voltage 
of the liquid crystal display device, resulting in a loss of practicability of the device. When the mixed ratio of 
the liquid crystal material is more than 97% by weight, the physical strength of the polymer walls to be formed 
5 Is decreased, making it difficult to obtain stable performance. Thus, these cases are not preferred. Under the 
condition of the above-mentioned range, It is preferred that the polymerizable liquid crystalline compound is 
made 0.05% or more by weight based on the total weight of the polymerizable liquid crystalline compound and 
the photo- or heat-polymerizable compound. 

10 (A polymerization Initiator) 

A general photo- or heat-polymerization initiator can be used. Examples of the photopolymerization initiator 
include Irgacure 184. Irgacure 851, Irgacure 907. Darocure 1173. Darocure 1116, Darocure 2959. etc. Exam- 
ples of the heat polymerizable Initiator Include peroxides such as benzoperoxide (BPO), t-butyl peroxide; and 

15 azo compounds such as azobis(isobutylonitrile) (AIBN). It is preferred thatthe mixed ratio of the photo- or heat- 
polymerizable Initiator is in the range of 0.3 to 5% by weight based on the total weight of the liquid crystal ma- 
tfirial. the polymerizable liquid crystalline compound and the photo- or heat-polymerizable compound. When 
the mixed ratio is less than 0.3% by weight, there is a possibility that the polymerization reaction does not 
sufficiently start. Thus, this ratio is not preferred. When the mixed ratio Is more than 5% by weight, the phase 

20 separation speed between the liquid crystal and the polymer is too high to regulate the size of the liquid crystal 
regions; as a result, small liquid crystal regions are formed, increasing the drive voltage. Thus, this ratio is not 
preferred. 

The present example will be described byway of Illustrating Applications. 
25 Application 33 

The liquid crystal display device of Application 33 has the same structure as that shown in Figure 35. A 
method for manufacturing this liquid crystal display device is as follows: 

First, a polymerizable liquid crystalline compound Z(with the anisotropy of dielectric constant Ae < 0) shown 
30 by the following Formula (6) was prepared in the following manner 4 -hydroxy-2. 3-difluorobiphenyl and ex- 
cess 1,10-dibromodecane were etherificated in the presence of calcium carbonate. The resulting ether was 
purified by column chromatography. After that, the purified substance was mixed with equlmolar tetramethy- 
lammoniumhydroxypentahydrate. and acrylic acid was added to this mixture to obtain the polymerizable liquid 
crystalline compound Z represented by Formula (6): 

35 



40 




45 Next, the electrode lines 73 and 74 made of ITO (a mixture of indium oxide and tin oxide) were formed on 
the substrates 71 and 72, respectively. In the present application, a PET film with a thickness of 0.25 mm was 
used as the substrates 71 and 72, and the electrode lines 73 and 74 respectively having a width of 200 ^im 
were formed with an interval of 50 \m between each electrode line. The respective number of the electrode 
lines 73 and 74 was 20. Then, the orientation films 75 and 76 were coated so as to cover the electrode lines 

50 73 and 74 by a spin coating method. The orientation films 75 and 76 were subjected to a rubbing treatment in 
one direction. In Application 33, polyimide (SE1 50, manufactured by Nissan Chemical Industries Ltd.) was used 
as the orientation films 75 and 76. These substrates 71 and 72 face each other with spacers having a diameter 
of 6 ^m sandwiched therebetween so that the electrode lines 73 and 74 faced and crossed each other. Thus, 
a liquid crystal cell was formed. 

55 Next, the photomask 79 was placed outside the substrate 72 so that masking portions of the photomask 
79 covered the pixels. Then, 0.85 g of a photopolymerizable compound, 0.05 g of the polymerizable liquid crys- 
talline compound Z, 4 g of a liquid crystal material, and 0.15 g of a photopolymerization initiator were homo- 
geneously mixed to obtain a mixture 80. The mixture 80 was injected into the cell. In Application 33, as the 
photopolymerizable compound. 0.1 g of trimethylol propane trimethacrylate. 0.30 g of 2-ethylhexyl acrylate. 
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and 0.45 g of isobornyl acrylate were used. As the liquid crystal material, a mixture in which 0.3% of cholesteric 
nanonate (CN) was added to ZLI-4792 (manufactured by Merck & Co., Inc., where, the anisotropy of dielectric 
constant is Ac > O) was used. As the photopolymerization initiator, Irgacure 184 was used. 

Then, the cell was Irradiated with UV-rays through the photomask 79 at 1 0 mW/cm^ for 5 minutes by using 
a high-pressure mercury iamp which can provide parallel rays, whereby the photopolymerizable compound and 
the polymerizable liquid crystalline compound were cured. 

One substrate was peeled off firom the other substrate in liquid nitrogen. Then, the liquid crystal material 
was washed away with acetone. A cross-section of the polymer walls was observed by the SEM, revealing 
that liquid crystal regions with the same regularity as that of the photomask 79 (i.e.. the same regularity as 
that of the pixel distribution) were uniformly formed, each liquid crystal region having almost the same size. 

Two polarizing plates were attached to the cell thus obtained so that the respective polarizing directions 
were aligned with the orientation directions of the corresponding orientation films, whereby a TN liquid crystal 
display device was obtained. 

Comparative Example 30 

Glass with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufactured by Nippon Sheet 
Glass Co., Ltd.) was used as the substrates 71 and 72 of Applicatton 33. A liquid crystal material {ZU-4792 to 
which 3% of CN was added, manufactured by Merck & Co.. Inc., where the anisotropy of dielectric constant is 
As > 0) was injected into the liquid crystal cell, whereby a conventional liquid crystal display device which was 
not a polymer dispersed type was manufactured. 

Comparative Example 31 

A liquki crystal display device was manufactured in the same way as in Application 33. except that the 
photomask 79 was not used. 

Table 19 shows a comparison of contrast characteristics obtained In Application 33, and Comparative Ex- 
amples 30 and 31 . Contrast is taken as To/Tgat. where Tq is light transmittance obtained under no applied voltage 
and Tsat is light transmittance obtained under an applied saturation voltage. Here, light transmitted through a 
liquid crystal panel is detected by a detector with a converging angle of 6^, using a metal halide lamp as an 
optical source, whereby contrast is measured. 



Table 19 



Comparison of contrast characteristics 




Application 33 


Comparative Example 30 


Comparative Example 31 


Contrast 


41 


41 


9 



As is understood from Table 19. the liquid crystal display device of Application 33 has an electro-optic char- 
acteristic comparable to that of the conventional liquid crystal display device of Comparative Example 30. In 
addition, in Application 33, the polymer walls can be formed having a regularity with respect to the pixels by 
using the photomask. Compared with the liquid crystal display device of Comparative Example 31 manufac- 
tured without using a photomask, the number of the interfaces between the polymer wails and the liquid crystal 
regions are greatly decreased, so that light scattering Is sufficiently reduced between the polymer wails and 
the liquid crystal regions. 

Application 34 

A liquid crystal cell was formed In the same way as in Application 33. except that glass with ITO (flint glass 
with ITO having a thickness of 500 Angstroms, manufactured by Nippon Sheet Glass Co.. Ltd.) was used as 
the substrates 71 and 72 and plastic beads with a diameter of 12 jim were sandwiched as spacers between 
the substrates 71 and 72. 

Then, the photomask 79 was placed in the same way as in Application 33. The mixture 80 was prepared 
in the same way as in Application 33, except that 0.01 g of trimethylol propane trimethacrylate and 0.08 g of 
Isobornyl acrylate as the photopolymerizable compound, 0.01 g of the polymerizable liquid crystalline com- 
pound Z, 0.4 g of ZLI-4792 (manufactured by Merck & Co., Ltd.. where the anisotropy of dielectric constant is 
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A8 > 0) as the liquid crystal material, and 0.015 g of Irgacure 651 as the photopolymerization initiator were 
used. Then, the ceil was irradiated with UV-rays through the photomask 79 at 40 mW/cm^ for 2 minutes by 
using a high-pressure mercury lamp, whereby the poiymerizabie compound and the polymerlzable liquid crys- 
talline compound were cured to obtain a liquid crystal display device. 

Comparative Example 32 

Aliquid crystal display device was manufactured In the same way as in Application 34, except that a mixture 
containing 0.01 g of trimethylol propane trimethacrylate and 0.09 g of isobornyl acrylate as the photopolymer- 
Izable compound. 0.4 g of 2LI-4792 (manufactured by Merck & Co.. Inc., where the anisotropy of dielectric con- 
stant is Ae > 0) as the liquid crystal material, and 0.015 g of Irgacure 651 as the photopolymerization Initiator 
was used instead of the mixture 80 used in Application 34. 

Comparative Example 33 

Aliquid crystal display device was manufactured in the same way as in Application 34, except that a mixture 
containing 0.01 g of trimethylol propane trimethacrylate and 0.09 g of isobornyl acrylate as the photopolymer- 
izable compound, 0.4 g of E7 (manufactured by Merck & Co., Inc.. where the anisotropy of dielectric constant 
is Ae > 0) as the liquid crystal material, and 0.015 g of Irgacure 651 as the photopolymerization Initiator was 
used instead of the mixture 80 used in Application 34. 

Table 20 shows the results obtained by measuring contrast, response speed, and the electrical holding 
ratio of the liquid crystal display device of Application 34 and those of Comparative Examples 32 and 33. The 
contrast is taken as Ts^xfTo (converging angle: 6'') in the same way as in Application 33. The response speed 
is taken as the sum of times tr and td, where is the time required for light transmittance to change from To 
to 0.9 X Tsat while the voltage is increased from 0 to 10 V, when a voltage is applied to a liquid crystal panel by 
being changed from 0 V-)^10 V->0 V; and t<, is a time required for light transmittance to change from Tsat to 0.9 
X To while a voltage is changed from 10 V to 0 V, when a voltage is applied to a liquid crystal panel by being 
changed from 0 V-^1 0 V-^0 V. If this value is smaller, the response speed is higher. The electrical holding ratio 
Is taken as a ratio of the amount of charge retained for 1 6.5 ms with respect to the initial charge amount, when 
5 V voltage with a rectangular wave is applied to the liquid crystal panel. For example, when the charge Is not 
leaked out of the liquid crystal panel at all, the electrical holding ratio Is 100%. 



Table 20 



Comparison of electro-optic characteristics 




Application 34 


Comparative Example 32 


Comparative Example 33 


Contrast 


8 


8 




Response speed (ms) 


45 


185 




Electrical holding ratio 
(%) 


98.2 


98.0 


82.4 



As is understood from Table 20, the liquid crystal display device of Application 34 has a high response 
speed and a satisfactory electrical holding ratio. However, the liquid crystal display device of Comparative Ex- 
ample 32 has a low response speed. In Comparative Example 33, the drive voltage of the liquid crystal display 
device is 20 V or more, so that contrast and a response speed cannot be measured, and its electrical holding 
ratio Is not satisfactory. 

Hereinafter, materials and the like applicable to Applications 33 and 34 will be described. 

(Aliquid crystal material) 

The liquid crystal material described: 
Aliquid crystal material in Example 2 can be used. 
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(A polynneiizable liquid crystalline compound) 

The polymerizable liquid crystal line compound described: A polymerlzable liquid crystalline compound in 
Example 11 can be used. 

In the case where the polymerizable liquid crystal line compound used in the present example has positive 
anisotropy of dielectric constant (Ae l > 0), a functional group of the compound G represented by Formula (5) 
is positioned so that anisotropy of dielectric constant Aep of the polymerizable liquid crystalline compound be- 
comes negative. Examples of the compound G having such a functional group include 2-substitution product. 
3-substitution product, 2,3-substitution product, etc. of a benzene ring. In the case where the liquid crystal ma- 
terial has negative anisotropy of dielectric constant Asl < 0), a functional group of the compound G is positioned 
so that the anisotropy of dielectric constant Aep of the polymerizable liquid crystalline compound becomes pos- 
itive. Examples of compounds having such a functional group include 4-substitution product, 3,4,5-substitution 
product. 3,4-substitution product, etc. of a benzene ring. When a plurality of functional groups of these substi- 
tution products are present in the same substitution product, the kind of a plurality of functional groups is not 
limited to one. Moreover, in either of the above-mentioned cases, only one Wind of the polymerizable liquid crys- 
talline compound can be used or a plurality of the polymerizable liquid crystalline compounds can be used. 
When the polymerizable liquid crystalline compound having the above-mentioned structure is polymerized, a 
liquid crystalline polymer obtained as a result of the polymerization has a liquid crystalline functional group LC 
in liquid crystal regions and a polymerizable functional group A in polymer walls, whereby the liquid crystalline 
polymer is f bced on the polymer walls. 

(Conditions for selecting a liquid crystal material and a polymerizable liquid crystalline compound) 

It is preferred in terms of compatibility that the liquid crystal material and the polymerizable liquid crys- 
talline compound are selected so that respective portions exhibiting liquid crystallinity are similar to each other. 
In particular, in the case where a liquid crystal material of a fluorine type and/or a chlorine type, which has an 
Intrinsic chemical environment, is selected, it Is preferred to select a polymerizable liquid crystalline compound 
of a fluorine type and/or a chlorine type. 

Application 35 

First, 0.1 g of the polymerizable liquid crystalline compound Z of Application 33 and 0.01 g of benzoperoxide 
(BPO) were dissolved in toluene, followed by being polymerized at 100*»C for 2 hours. Then, ethanol was added 
to this mixture to obtain a polymer. The polymer thus obtained was washed with ethanol to obtain a liquid crys- 
talline polymer Z (which is a polymer of the polymerizable liquid crystalline compound Z). 

Next, 2 g of E8 (manufactured by Merck & Co., Inc., where the anisotropy of dielectric constant Is Ae > 0) 
and 0.01 g of the liquid crystalline polymer Z' as a liquid crystal material, and 0.5 g of polymethyl methacrylate 
(PMA, manufactured by Asahi Kasei Kogyo K.K.) as a polymer other than the liquid crystalline polymer were 
dissolved in chloroform, whereby a solution with a solute concentration of 1 5% by weight was prepared. This 
solution was coated onto the substrate 71 by a bar coating method, followed by being dried to form a film with 
a thickness of 12 to 13 ^im. After that, the substrate 72 was placed on the substrate 71 to obtain a liquid crystal 
panel. In Application 35, glass with ITO (flint glass with ITO having a thickness of 500 Angstroms, manufactured 
by Nippon Sheet Glass Co., Ltd.) was used as the substrates 71 and 72. 

Comparative Example 34 

A liquid crystal display device was manufactured In the same way as in Application 35, except that the 
liquid crystalline polymer Z' was not used. 

Table 21 shows the results obtained by measuring contrast and response speed of the liquid crystal display 
devices of Application 35 and Comparative Example 5. The response speed is measured in the same way as 
in Application 34, except that the 10 V voltage in Application 34 is made 20 V. The contrast is measured in the 
same way as in Application 33. 
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Table 21 



Comparison of electro-optic characteristics 




Application 35 


Comparative Example 34 


Contrast 


70 


69 


Response speed (ms) 


53 


202 



As Is understood from Table 21 , the liquid crystal display device of Application 35 has satisfactory contrast 
and a high response speed. On the other hand, the liquid crystal display device of Comparative Example 34 
has a low response speed. 

In the manufacturing of the liquid crystal display device of Application 35, a mixture to be coated onto one 
substrate is formed from a liquid crystal material, a polymerizable liquid crystalline material, and a solvent which 
homogeneously dissolves the liquid crystal material and the polymerizable liquid crystalline material. After this 
mixture is coated onto one substrate, the solvent is removed by evaporation from the mixture. 

In Application 35, a liquid crystal material and a liquid crystalline polymer which satisfy the same conditions 
as those applied to the liquid crystal material and the polymerizable liquid crystalline compound in Applications 
33 and 34 were used. Examples of the liquid crystal material used In Application 35 include E7 and E8 (man- 
ufactured by Merck & Co., inc.). Examples of the liquid crystalline polymer used in Application 35 include poly- 
mers having a liquid crystalline functional group attracted to a side chain, which are disclosed In Japanese Laid- 
Open Patent Publication No. 3-195796. Preferably, polymerized liquid crystalline compounds used for manu- 
facturing the liquid crystal display device of Application 33 can be used. 

Examples of the solvent include chloroform, toluene, xylene, and cyclohexane. It is preferred that the sol- 
vent Is mixed in an amount in the range of 0.01 to 10% by weight. 

In addition to the above-mentioned polymerizable liquid crystalline compounds, if required, it is possible 
to add polymers such as polystyrene, polyvinyl alcohol, polyvinyl acetate, methyl polymethacrylate, nitrocel- 
lulose, polycarbonate, polyphenylene oxide, polymethyl methacrylate (PMMA), etc. for the purpose of improv- 
ing the physical strength of the polymer walls. In Application 35, polymethyl methacrylate Is added. It is pre- 
ferred that the mixed ratio of the polymer for improving the physical strength of the polymer walls is 0.1% by 
weight based on the total weight of the liquid crystalline polymer and the polymer for improving the physical 
strength of the polymer walls. 

A liquid crystal display device with a structure in which the liquid crystal is confined in the polymer walls 
(or the liquid crystal is partially partitioned by the polymer walls) can be obtained by sandwiching the liquid 
crystal cell of the present example by two polarizing plates. This liquid crystal display device can be applied 
to conventional display systems such as TN. STN. PLC (SSF) and ECB systems. In addition, in the present 
example, a large screen and a substrate in a film shape are made possible. 

In Example 12, items described in Example 2: Alight regulating means such as a photomask, Irradiation 
light, etc. can be applicable. 

Example 13 

In Example 13, peeling phenomenon between the substrate and the polymer dispersed liquid crystal ma- 
terial, which has been a problem in a conventional polymer dispersed liquid crystal display device, is prevented, 
response speed is made high, and hysteresis is reduced by decreasing monomers remaining in a liquid crystal 
display device. 

First, a mixture injected between facing substrates is irradiated with UV-rays. The mixture contains a liquid 
crystal material, a photosetting compound, a photopolymerization initiator, and a radical generating agent Due 
to this, a display medium in which liquid crystal droplets are dispersed in polymer walls can be obtained. After 
that, the display medium is heated to thermally decompose the radical generating agent. As a result, a radical 
is generated from the radical generating agent, and a remaining monomer before heating is polymerized by 
the radical to decrease the remaining monomer. 

The polymer dispersed liquid crystal display device of Example 1 3 has the same structure as that shown 
in Figure 35. This device is manufactured as follows: 

First, the electrode lines 73 and the orientation film 75 are formed on the substrate 71, and the electrode 
lines 74 and the orientation film 76 are formed on the substrate 72. Alternatively, the substrates 71 and 72 
which have the above-mentioned structures are provided. 
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Next, the substrates 71 and 72 are layered on top of the other so that the orientation films 75 and 76 are 
made to face each other, and a homogeneous mixture containing a iiquld crystal material, a polymerizable com- 
pound, a photopolymerlzatlon Initiator, and a radical generating agent is injected between the substrates 71 
5 and 72. 

Then, a photomask having a dot pattern as shown In Figure 43 is placed on one of the substrates 71 and 
72. Under this condition, the mixture Is Irradiated with UV-rays through the photomask. The photomask have 
masking portions corresponding to crossed regions of the electrode lines 73 and 74. Because of this, the poly- 
merizable compound is cured, and a phase separation occurred between the liquid crystal and the polymer. 

10 As a result, a display medium In which the liquid crystal regions 78 are partitioned by the polymer wails 77 Is 
formed between the substrates 71 and 72. The liquid crystal regions 78 are formed in regions corresponding 
to the masking portions. At this time, the size of the liqukJ crystal regions 78 can be regulated by adjusting 
the light-irradiated regions. 

Then, the display medium Is heated to thermally decompose the radical generating agent. Due to this, a 

15 radical is generated from the radical generating agent, and a remaining monomer before heating is polymerized 
by the radical, whereby the remaining monomer Is decreased. Thus, the polymerization ratio Is increased. 

Thus, In the present example, the mixture Injected between the facing substrates 71 and 72 is Irradiated 
with UV-rays to obtain a display medium in which the liquid crystal regions 78 are dispersed in the polymer 
walls 77. After that, the remaining monomer is polymerized by heating. Thus, the remaining monomer can be 

20 reduced. In the present example, the peeling between the substrates 71 and 72 and the polymer dispersed 
liquid crystal material, which is considered to be caused by the remaining monomer can be prevented. More- 
over, the response speed and hysteresis can be improved. 

It is preferred that the percentage of the remaining nrwnomer (remaining monomer ratio Z) is 1 0% or less. 
More preferably, the ratio is in the range of 0.5% to 5%. Here, the remaining monomer ratio Z is calculated by 

25 the following equation: 

Remaining monomer ratio Z = (X/Xq) x 100 
where X Is a ratio of the light absorption of >C=C< (in the vicinity of 800 and 1600 cnr^) in the photopolymer- 
izable material and the light absorption of a carbonyl group (In the vicinity of 1700 cm-i) of an ester in an Infrared 
absorption spectrum of the polymer material obtained by excluding the liquid crystal material from the polymer 
30 dispersed liquid crystal material; and Xo Is a ratio of the light absorption of >C=C< (In the vicinity of 800 and 
1600 cm-1) In the photopolymerizable material and the light absorption of a carbonyl group (in the vicinity of 
1700 cm-^) of an ester before the polymerization in an infrared absorption spectrum of the polymer material 
obtained by excluding the liquid crystal material from the polymer dispersed liquid crystal material. 

The photopolymerizable material which is generally used is acrylate or methacrylate derivatives. In the 
35 above equation, X© is almost constant, so that X© = 3 is used in the present example. 

The reason why the remaining monomer ratio Z should be 10% or less is as follows: 
When a polymer dispersed liquid crystal display device is manufactured only by general photopolymeri- 
zation, the remaining monomer ratio exceeds 10%. When a great amount of multifunctional monomer Is used, 
a network structure of the polymer material develops to increase the amount of monomer remaining In the 
40 network structure and the amount of contracted polymer material. Thus, the peeling and the like are caused 
between the substrate and the polymer dispersed liquid crystal material. In contrast, when the remaining mono- 
mer ratio is less than 0.5%, peroxides used In the present example should be added in a great amount. As a 
result, there is a possibility that the liquid crystal material is deteriorated, decreasing reliability. 
Hereinafter, materials and the like applicable to the present example will be described. 

45 

(A liquid crystal material) 

The liquid crystal material described: A liquid crystal material of Example 2 can be used. More preferred 
examples include compounds having a photopolymerizable group such as a methacrylate group or an acrylate 
50 group and a thermosetting group such as an isocyanate group or an epoxy group. Specific examples include 
2-lsocyanateethyi acrylate, 2-isocyanateethy! methacrylate, and a compound represented by the following 
Formula (7): 



55 



R 

CH2-CH^C-CH2- ( CH2 ) y-CH^CH- ( CH2 ) 7-CH3 



(7) 
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(A polymerizable liquid crystaliine materia)) 

The liquid crystal material described: A polymerizable liquid crystalline compound of Example 11 can be 
5 used. 

The polymerizable liquid crystalline material is added for the purpose of making clearthe phase separation 
and increasing response speed. Examples of the polymerizable liquid crystalline material include compounds 
having in its molecule a polymerizable functional group such as an acrylate group and a methacrylate group 
and a rigid functional group exhibiting liquid crystallinity. 

10 It Is preferred in terms of compatibility that the liquid crystal material and the liquid crystalline compound 
having a polymerizable functional group in its molecule are selected so that the respective portions of the liquid 
crystal material and the liquid polymerizable crystalline compound, exhibiting liquid crystallinity are similar to 
each other. In particular, in the case of liquid crystal materials of a fluorine type and/or a chlorine type which 
have specific chemical environment, it is preferred to select a liquid crystalline compound having a polymer- 

15 izable functional group of a fluorine type and/or a chlorine type. 

In the case where ferroelectric liquid crystal is used, it Is preferred to use a polymerizable compound having 
ferroelectric liquid crystal In its molecule in order to form a stable smectic phase. 

Regarding the weight ratio of a compound having liquid crystallinity and a polymerizable non-liquid crys- 
talline compound, it is preferred that the percentage of the compound having liquid crystallinity Is 0.5% or more. 

20 In particular, in the case where ferroelectric liquid crystal is used, two regions (I.e., low molecular liquid crystal 
regions and polymer liquid crystal regions) are formed by making the amount of compound having liquid crys- 
tallinity 100%. Moreover, a voltage is used so as to drive the respective compounds (i.e.. low molecular liquid 
crystal and polymer liquid crystal regions). In this way, a ferroelectric liquid crystal display device capable of 
performing a tone display can be manufactured. 

25 

(Weight ratio of liquid crystal and a polymerizable compound) 

Same as that of Example 11. 

30 (Structure of a polymer dispersed liquid crystal display device) 

Astructure In which a liquid crystalline compound (polymer) Is fixed on polymer walls is preferred for mak- 
ing clear the phase separation and increasing the response speed. Due to this structure, the interfaces be- 
tween the liquid crystalline and the polymer walls are driven by the application of a voltage. Under no applied 

35 voltage, the interaction between the liquid crystalline polymer and the polymer walls is Increased, since the 
liquid crystal and the liquid crystalline polymer are bonded to each other. Thus, the response speed (xr) under 
an applied voltage and the response speed (xd) under no applied voltage can be improved. In the case of fer- 
roelectric liquid crystal, because of the regulating ability of vertical polymer walls as well as the regulating ability 
of the substrate subjected to an orientation treatment, the orientation state is stabilized and shock resistance 

40 is improved. Moreover, a charge holding type element such as a TFT can be applied to the device without de- 
creasing the electrical holding ratio of the entire device by using liquid crystal molecules having fluorine and/or 
chlorine atom(s) In their molecules, because the liquid crystal molecules have chemical stability. 

(A photopolymerization initiator or a catalyst) 

45 

As a photopolymerization initiator. Irgacure 184, Irgacure 651, Irgacure 907, Darocure 1173, Darocure 
1116. Darocure 2959, etc. can be used. The amount of the photopolymerization initiator is preferably in the 
range of 0.3% to 5% based on the total amount of the liquid crystal and the polymerizable compound. When 
the amount Is less than 0.3%. sufficient photopolymerization reaction is not conducted; and when the amount 
50 is more than 5%, the phase separation between the liquid crystal and the polymer is conducted too fast to be 
regulated, forming smaller liqukJ crystal regions and Increasing the drive voltage. 

(A radical generating agent) 

55 The radical generating agent generates a radical by being heated. Examples of the radical generating agent 
include peroxides having a -O-O- bond in molecules such as BPO, t-butyl peroxide, and lauryl peroxide; and 
azo compound liquid crystal having a -N=N- bond In molecules such as azobis(isobutyronitrile) (AIBN). It is 
preferred that the radical generating agent is added In an amount of 0.1 to 10% to the mixture of the photo- 
polymerizable material and the photopolymerization initiator. When the added amount of the radical generating 
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agen^is less than 0.1 %, little effects of curing the remaining monomer after being irradiated with light are ob- 
tained; and when the added amount thereof is more than 10%. damage to the liquid crystal material Is great, 
decreasing reliability. 

5 The present example is applied to a non light scattering type; however, the present example is not limited 

thereto and can be applied to a light scattering type. Figure 46 shows a liquid crystal display device of a light 
scattering type. In this liquid crystal display device, two substrates 131 and 132 having electrode lines 133 
and 134, respectively are made to face each other. Between the substrates 131 and 132, a plurality of liquid 
crystal droplets 137 are dispersed In the polymer walls 138. The liquid crystal droplets 137 are randomly dis- 

10 posed, each of the droplets 137 having nonuniform size. 

Hereinafter, the present example will be described by way of illustrating Applications. 

Application 36 

15 First, two flint glasses (manufactured by Nippon Sheet Glass Co., Ltd.) having ITO (a mixture of indium 
oxide and tin oxide) for electrodes with a thickness of 500 Angstroms were prepared as a substrate with a thick- 
ness of 1.1 mm. Then, the two flint glasses were disposed so that the respective ITO surfaces faced each 
other with spacers with a diameter of 12 nm sandwfched therebetween. Thus, a cell was formed. 

Next, a mixture for a display medium was injected Into the cell. The mixture homogeneously contained 0.2 
20 g of (R-684, manufactured by Nippon Kayaku K.K.). 0.35 g of 2-ethylhexyl acrylate, 0.45 g of isobornyl acrylate, 
4 g of a liquid crystal material (ZLI-4792, manufactured by Merck & Co., Inc.), 0.05 g of a photopolymerization 
initiator (ligacure 1 84), and 0.05 g of lauroyl oxide (laurox, manufactured by Kayaku Akuzo Co., Ltd.) as a radical 
generating agent (e.g., peroxide). 

Next, the cell thus obtained was irradiated with UV-rays at 40 mW/cm2 for one minute by using a high- 
25 pressure mercury lamp, whereby the polymerizable compound was cured. 

Finally, the cell was allowed to stand in an atmosphere, for example, at 60^C for 50 hours, whereby a heat 
treatment was conducted. In this way, a liquid crystal display device of the present invention was manufactured. 

Comparative Example 35 

30 

A cell was formed in the same way as in Application 36, and a polymer dispersed liquid crystal display 
device was manufactured by using a material obtained by excluding the radical generating agent from the mix- 
ture used in Application 36. 

Table 22 shows electro-optic characteristics and a remaining polymer ratio of the liquid crystal display de- 

35 vice of Application 36, before and after the heat treatment, together with a peeling state of the cell after the 
heat treatment. Table 22 also shows the results of Comparative Example 35 formed by heat treatment at 80**C 
for 4 hours. The electro-optic characteristics include a drive voltage, hysteresis, response speed, and a elec- 
trical holding ratio. The drive voltage is a voltage value at which a transmittance change is saturated. The hys- 
teresis is the difference between the voltage in the case where transmittance is changed by 50% while the 

40 voltage increases and the voltage in the case where transmittance is changed by 50% while the voltage de- 
creases. The response speed is the total time required for the transmittance to be changed by 90% (i.e., a sum 
of a time required when the transmittance is changed by 90% while voltage increases and a time required when 
the transmittance is changed by 90% while voltage decreases). The electrical holding ratio is the ratio of charge 
retained for 16.5 ms. In the item for the Peeling stale, a mark O shows no change after the heat treatment; 

45 and a mark x shows that peeling has occurred In the vicinity of the seal. Moreover, the remaining monomer 
ratio is measured as follows: 

One substrate of the cell is peeled off from the other substrate. The polymer dispersed liquid crystal ma- 
terial on the substrate is peeled off and mixed with KBr. Then, the mbcture is measured, based on an infirared 
absorption spectrum. 

50 
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Table 22 





Application 36 


Comparative Example 35 


Before heat 
treatment 


After heat treatment 


Before heat treatment 


After heat treatment 


Drive voltage 

A A 


12 


12 


12 


12 


Hysteresis (V) 


U.o 


n 1 


0.3 


0.3 


Response 
speed (ms) 


95 


38 


98 


9z 


Electrical hold- 
ing ratio (%) 


97 


97 


97 


97 


Remaining 
monomer ratio 

(%) 


13 


4 


14 


14 


Peeling state 




O 




X 



As is understood from Table 22, in the case of Application 36, the drive voltage and the electrical holding 
25 ratio are almost the same as those of a conventional liquid crystal display device (Comparative Example 35). 
The hysteresis, response speed, remaining monomer ratio, and peeling state are improved, compared with the 
conventional prepared liquid crystal display device. 

Application 37 

30 

First, as shown in Figure 35, two substrates 71 and 72 were prepared. In the respective substrates 71 and 
72, electrode lines 73 and 74 were formed on a PET film with a thickness of 100 ^m. The electrode lines 73 
and 74 were disposed with an interval of 50 ^m between lines, and each side length of the electrode lines 73 
and 74 were 200 ^im. The number of the electrode lines 73 and 74 was 20. Then, a polyimide film was formed 
35 on the respective substrates 71 and 72 using SE150 (manufactured by Nissan Chemical Industries Ltd.) as 
orientation films 75 and 76. and the polyimide f flms were subjected to a rubbing treatment in one direction by 
using a nylon cloth. 

Then, the two substrates 71 and 72 subjected to the rubbing treatment were made to face each other so 
that the respective electrode lines 73 and 74 crossed each other at right angles with spacers having a diameter 
^ of 6 nm sandwiched therebetween. Thus, a cell was formed. 

The photomask shown in Figure 43 was placed on the cell so that the masking portions 111 of the pho- 
tomask covered the pixels, and a mixture was injected into the cell. The mixture homogeneously contained 
0.1 g of trimethylol propane trimethacrylate, 0.35 g of 2-ethyihexyl acrylate, 0.45 g of isobornyl acrylate, 4 g 
of a liquid crystal material (ZLI-4792, manufactured by Merck & Co., inc.) to which 0.3% of cholesteric nanonate 
45 (CN) was added, 0.05 g of a photo polymerization Initiator (Irgacure 184), and 0.05 g of a radical generating 
agent (e.g., peroxide). 

The cell thus obtained was irradiated through the photomask with UV-rays at 10 mW/cm^ (the Intensity 
of UV-rays measured at 365 nm) for 5 minutes by using a high-pressure mercury lamp which can provide par- 
allel rays, whereby the polymerizabie compound was cured. After that, the cell was heat-treated at eO^'C for 
50 10 hours. 

One substrate of another cell formed in the same way as the above was peeled off from the other sub- 
strate. Then, the liquid crystal material was washed away from the substrate with acetone. A horizontal cross- 
section of the polymer walls on the substrate was observed by the SEM, revealing that liquid crystal regions 
with the same regularity as that of a dot pattern of the photomask (i.e., the same regularity as that of pixels) 
55 were uniformly formed, each liquid crystal region having almost the same size. Since some of the liquid crystal 
regions were damaged during the formation of the sample, 20 liquid crystal regions which had the most ex- 
cellent regularity were selected for observation. 

Finally, polarizing plates were attached to the cell so that the respective polarizing directions were aligned 
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with the orientation directions of the corresponding orientation films, whereby a polymer dispersed TN display 
device was manufactured. 

5 Comparative Example 36 

A cell was formed by using glass with ITO having a thickness of, for example, 500 Angstroms (flint glass, 
manufactured by Nippon Sheet Glass Co., Ltd.) and using only the same liquid crystal material as that of Ap- 
plication 37. Polarizing plates were attached to the ceii in the same way as in Application 37, whereby a con- 
10 ventionai TN liquid crystal display device was manufactured. 

Comparative Example 37 

ATN type cell was formed In the same way as in Application 37. Then, a mbdure of the same liquid crystal 
15 as that of Application 37 and a photosetting material excluding the polymerizable compound having a liquid 
crystalline functional group was injected into the cell, and the ceil was irradiated with UV-rays In the same 
way as in Application 37 without using a photomask. Thus, a polymer dispersed liquid crystal display device 
was manufactured. 

Table 23 shows the contrast and peeling state of the liquid crystal display device of Application 37 and 
20 those of Comparative Examples 36 and 37. 
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As is understood from Table 23, the liquid crystal display device of Application 37 had an electro-optic char- 
3^ acteristic comparable to that of Comparative Example 36. Moreover, in Application 37, a film substrate can be 
used, and contrast is increased due to less light scattering in the pixels, compared with the conventional poly- 
mer dispersed liquid crystal display device (Comparative Example 37). Furthermore, in Application 37, almost 
no peeling occurred between the substrate and the polymer dispersed liquid crystal material. 

35 Application 38 

First, two substrates subjected to a uniaxial orientation treatment in the same way as in Application 37 were 

made to face each other with silica beads having a diameter of 2 jim sandwiched therebetween so that the 

respective rubbing directions were aligned. Thus, a cell was formed. 
^ A mixture was injected into the ceil thus obtained. The mixture homogeneously contained 0.01 g of trime- 

thylol propane trimethacrylate, 0.025 g of lauryl acrylate, 0.025 g of isobornyi acrylate, 0.4 g of a ferroelectric 

liquid crystal material (ZLI-4003. manufactured by Merck & Co., Inc.), 0.05 g of a photopolymerization initiator 

(Irgacure 184). and 0.05 g of a radical generating agent (e.g., lauroyl peroxide). 

Then, the photomask which was the same as that of Application 36 was placed on the cell. The cell was 
^ Irradiated with UV-rays through the photomask at 10 mW/cm^ (the intensity of UV-rays at 365 nm) for 5 minutes 

by using a high-pressure mercury lamp which can provide parallel rays, whereby the polymerizable compound 

was cured. 

Comparative Example 38 

50 

A cell was formed in the same way as in Application 38. Then, the ferroelectric liquid crystal (ZLI-4003) 
was injected into the cell, whereby a liquid crystal display device was manufactured. 

Comparative Example 39 

55 

A cell was formed in the same way as in Application 38. Then, the same mixture as that of Application 38 
containing the liquid crystal and the photosetting compound was injected into the cell. The ceil was irradiated 
with UV-rays in the same way as in Application 36 without using a photomask, whereby a polymer dispersed 
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liquid crystal display device was manufactured. 

Table 24 shows contrast and the results of an Infipact test of the liquid crystal display device of Application 
38 and those of Comparative Examples 38 and 39. The impact test was conducted by dropping the cell from 
the height of 50 cm to rubber and inspecting the change in the orientation state. A mark O shows that the 
orientation is slightly disturbed in the boundary regions between the liquid crystal and the polymer causing 
no practical problems: and a mark x shows that the orientation was disturbed in the pixels. This shows problems 
for practical use. 
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As is understood from Table 24, in Comparative Example 39, the liquid crystal molecules are not sufficiently 
aligned and contrast is low. As to the impact test, the liquid crystal display device of Comparative Example 39 
cannot be evaluated since the liquid crystal molecules are not sufficiently aligned from the beginning. In Com- 
parative Example 38. contrast is satisfactory, however, the result of the Impact test is not good. In contrast, in 
Application 38, contrast is satisfactory and there is no problem with the orientation state in the impact test. 

In Example 13, Items described in Example 2: Alight regulating means such as a photomask, Irradiation 
light, etc. can be applicable. 

Example 14 

Example 14 is the case where the phase separation between liquid crystal and a polymer is conducted 
without a photomask so that the liquid crystal and the polymer are not mixed with each other, and each liquid 
crystal region is disposed with respect to pixel(s). 

Hereinafter, the present example will be described by way of illustrating Applications. 

Application 39 

A method for manufacturing a polymer dispersed liquid crystal display device Including the step of irra- 
diating light in a linear shape to each portion other than pixels will be described. 

Figure47 is a cross-sectional view showing one step of a method for manufacturing the polymer dispersed 
liquid crystal display device of Application 39. Figure 48 Is a perspective view of the liquid crystal display device 
shown in Figure 47. 

First, linear electrodes 142 formed of ITO (a mixture of indium oxide and tin oxide) were formed on two 
substrates 141. In Application 38, as the substrate 141, flint glass with a thickness of 1.1 mm and a side of 
300 mm (manufactured by Nippon Sheet Glass Co., Ltd.) was used. The linear electrodes 142 had a thickness 
of 500 Angstroms and a width of 200 \xft\ and were disposed with an interval of 50 jim therebetween. The nunr>- 
ber of the linear electrodes 142 on each substrate was 1000. 

Next, polyimide (SE-150, manufactured by Nissan Chemical Industries Ltd.) was coated onto the sub- 
strates 141, on which the linear electrodes 142 were formed, by a spin coating method. The substrates 141 
thus obtained were heat-treated to form orientation films. After that, the orientation films were subjected to a 
rubbing treatment in one direction by using a nylon cloth. Then, the two substrates 141 were made to face 
each other with spacers having a diameter of 6 ^im sandwiched therebetween. At this time, the linear electro- 
des 142 on the respective substrates 141 crossed each other at right angles. Thus, a liquid crystal cell 144 
was formed. 

Next, a homogeneous mixture containing 0.1 g of trimethylol propane trimethacrylate, 0.4 g of 2-ethylhexyt 
acrylate and 0.5 g of isobornyl acrylate (as a photopolymerizable compound); 4 g of a mixture in which 0.3% 
of cholesteric nanonate was added to 2LI-3700-000 (manufactured by Merck & Co., Inc.) (as liquid crystal): 
and 0.1 g of Irgacure 184 (as a photopolymerization initiator) was injected into the liquid crystal cell 144, 
Crossed regions in which the linear electrodes 142 on the respective substrates 141 crossed each other with 
the mixture sandwiched therebetween became pixels 147. 

Then, as shown in Figure 47, portions (i.e., non-pixel portions 145) excluding the pixels 147 were succes- 
sively Irradiated with a He-Cd laser beam as a linear light by a beam expander. As a result, the photopolymer- 
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izable compound In the mixture was cured to form polymer walls 148. 

As shown in Figure 48. the non-pixel portions 145 were formed of a plurality of non-pixel portions 145a 
aligned in a vertical direction and a plurality of non-pixel portions 145b aligned in a horizontal direction. First 

6 of all, as shown in Figure 48. the non-pixel portions 145a (which were aligned in parallel in one direction) were 
successively irradiated with light from the end of the cell for 5 minutes each. Then, the non-pixel portions 145b 
(which crossed the non-pixel portions 145a) were successively irradiated with light for 5 minutes each in the 
same way. After that, a phase separation occurred between the liquid crystal and the polymer, whereby the 
polymer walls 148 were formed in the light-irradiated regions. 

10 One substrate of the liquid crystal cell thus obtained was peeled off from the other substrate. Then, the 
liquid crystal material was washed away with acetone. A cross-section of the polymer walls 148 were observed 
by the SEM, revealing that the liquid crystal regions with the same regularity as that of the pixels were uni- 
formly formed, each liquid crystal region having almost the same size, and the polymer walls with regularity 
were formed. 

15 Polarizing plates were attached to the cell thus formed so that each polarizing direction was aligned with 
the orientation of the cell, whereby a polymer dispersed liquid crystal display device was obtained. 

The transmittance of light passed through the liquid crystal display device under no voltage applied and 
the transmittance of light passed through the device under an applied 10 V voltage were measured. The ratio 
of the respective light transmittance, i.e., (light transmittance under an applied voltage)/(light transmittance un- 

20 der no applied voltage) was calculated to obtain contrast. The contrast of Application 39 was 38. When the 
liquid crystal display device was raised, non display irregularity was observed. 

In Application 39, all of the non-pixel portions 145 were irradiated with light, whereby each liquid crystal 
region was formed in each pixel. However, the present invention is not limited thereto. If it is desired to form 
each liquid crystal region in a plurality of adjacent pixels 147. the non-pixel portions 145 can partially be Irra- 

25 dialed with light. 

Application 40 

A method for manufacturing a surface stabilized ferroelectric liquid crystal (SSFLC) display device indud- 
30 ing the step of irradiating light in a spot shape to each portion other than pbcels. Figure 49 is a cross-sectional 
view showing one step of the method for manufacturing the surface stabilized ferroelectric liquid crystal 
(SSFLC) display device of Application 49. Figure 50 Is a perspective view of the liquid crystal display device 
shown in Figure 49. 

First, linear electrodes 142 formed of ITO with a thickness of 1000 Angstroms were formed on two sub- 
35 strates 141 by a wet etching method. Next, polyimide with a thickness of 500 Angstroms was coated onto the 
substrates 141. on which the linear electrodes 142 were formed, by a spin coating method. The substrates 
141 thus obtained were heated at 200*^0 for one hour to form orientation films. After that, the orientation films 
were subjected to a rubbing treatment in one direction. Then, the two substrates 141 were made to face each 
other with SiO beads having a diameter of 1 .7 ^m sandwiched therebetween. At this time, the linear electrodes 
40 142 on the respective substrates 141 faced and crossed each other at right angles, and the rubbing directions 
of the respective substrates 141 were aligned. Thus, a liquid crystal cell 144 was formed. 

Next, a homogeneous mixture containing the same photopolymerizable compound as that of Application 
39. a liquid crystal material (ZLI-4237-000, manufactured by Merck & Co., Inc.). and 0.1 g of a photopolymer- 
ization initiator (Irgacure 1 84) was injected into the liquid crystal cell 144, under the condition that the mixture 
45 exhibited an isotropic liquid crystal phase at ordinary pressure. 

Then, as shown in Figure 49, the cell was irradiated with a He-Cd laser beam, while non-pixel portions 
145 were point-scanned. As shown in Figure 50, the non-pixel portions were formed of non-pixel portions 145c 
In a dot shape. 

First of all. as shown in Figure 50, the non-pixel portion 145c situated at the end of the substrate 141 was 
50 irradiated with light in a spot shape, and then the other non-pixel portions 145c were scanned at a speed of 
1 mm/min. After that, the phase separation occurred between the liquid crystal and the polymer, whereby poly- 
mer walls 148 were formed in the light-irradiated regions. 

Polarizing plates were attached to the cell in the same way as In Application 39 so that each polarizing 
direction was aligned with the orientation of the cell, whereby a liquid crystal display device was obtained. 
55 In Application 40, all of the non-pbcel portions 145 were irradiated with light, whereby each liquid crystal 

region is formed in each pbcel. The present invention Is not limited thereto. If it is desired that each liquid crystal 
region be formed In a plurality of adjacent pixels, the non-pixel portions 145 can partially be irradiated with 
light 
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Application 41 

A method for manufacturing a surface stabilized ferroelectric liquid crystal (SSFLC) display device will be 

5 described. This method includes the steps of forming an insulating film on linear electrodes provided on one 
transparent substrate and irradiating light to a portion of a mixture which Is not covered with the insulating film. 
Figure 51 is a cross-sectional view showing one step of the method for manufacturing the surface stabilized 
ferroelectric liquid crystal (SSFLC) display device of Application 41. 

Linear electrodes 142 were formed on two substrates 141 in the same way as in Application 40. Then, an 

10 Insulating film 146 (refractive index: 1 .4) formed of OCD (manufactured by Tol^o Ohyo Kagaku Co.. Ltd.) was 
formed only on the linear electrode 142 provided on one substrate 141. The refractive index of the linear elec- 
trode 142 was 1.5. Then, the same steps as those of Application 40 were used to form a liquid crystal cell 144. 
The same mixture as that of Application 40 was injected into the cell. 

Next, as shown In Figure 51. parallel rays (UV-rays) were Irradiated through toluene in a container 149 to 

15 the substrate 141 on which the insulating film 146 was formed at an incident angle of 80^ In this case, since 
light was passed through non-pixel portions 145, the photo polymerizable compound contained In the mixture 
was cured. In pixels 147, a double structure including the linear electrode 142 and the insulating film 146 was 
formed, so that light was reflected from the interface between the linear electrode 142 and the insulating film 
146. Thus, In the pixels 147, a photosetting reaction was not conducted. Because of this, the photopolymer- 

20 izable compound was selectively cured with regularity, and phase separation occurred between the liquid crys- 
tal and the polymer, whereby polymer walls 148 were formed only In the non-pixel portions 145. In application 
41 . the ceil was irradiated with UV-rays at 1 0 mW/cnri^ for 1 0 minutes by using a high-pressure mercury lamp 
which can provide parallel rays. 

Polarizing plates were attached to the cell in the same way as in Application 39, whereby a liquid crystal 

25 display device was obtained. 

Tables 25 and 26 show the results obtained by measuring shock resistance, using the liquid crystal display 
devices of Applications 40 and 41. The disturi3ance of the liquid crystal molecules orientation was checked in 
a pressure test by applying a load of 5 kgf/cm^ at a speed of 0.5 mm/min and in a drop test by allowing the cell 
to drop by its own weight from a height of 5 cm to a floor. 

30 

Table 25 



Results of a pressure test 




Evaluation 


Application 40 


Partial disturbance of the orientation was found in the entire region to which a pres- 
sure was applied. 


Application 41 


Partial disturbance of the orientation was found in the entire region to which a pres- 
sure was applied. 



Table 26 



45 



Drop test 




Evaluation 


Application 40 


No disturbance of the orientation was found. 


Application 41 


No disturbance of the orientation was found. 



55 



As is understood from Tables 25 and 26, the liquid crystal display devices of Applications 40 and 41 have 
satisfactory durability of their liquid crystal, and the cell thickness can be maintained with precision. 
Hereinafter, materials and the like applicable to the present example will be described. 

(An optical source used for light Irradiation) 

In the case of irradiating light over the entire surface of the substrate, a mercury lamp is used. In the case 
of Irradiating light to part of the surface of the substrate, a He-Cd laser, an excimer laser, and a dye laser can 
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be used. 

The materials described: A polymer material, A liquid crystal material, and A photopolymerizatlon Initiator 
in Example 2 can be used in the present example. 

Various other modifications will be apparent to and can be readily made by those sl<illed in the art without 
departing from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims 
appended hereto be limited to the description as set forth herein, but rather that the claims be broadly con- 
strued. 



Claims 

1. A liquid crystal display device comprising: 

two substrates facing each other, at least one of the substrates being transparent; 

electrodes disposed on inside surfaces of the respective substrates; 

a display medium which is provided between the two substrates and formed of polymer walls and 
liquid crystal regions partitioned by the polymer walls; and 
a plurality of pixels, 

wherein an interval a between a center of onellquid crystal region and a center of an adjacent liquid 
crystal region in a direction along a surface of the substrate is within a width of one pixel along the di- 
rection, and 80% or more of the intervals a satisfy the relationship: 3b/2 > a > b/2, where b is an average 
of the intervals a. 

2. A method for manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 

providing a mbcture containing a photopolymerizable compound and a liquid crystal material be- 
tween a pair of substrates, two substrates facing each other, at least one of the substrates being trans- 
parent, electrodes being disposed on inside surfaces of the respective substrates; and 

irradiating light to the mixture with a light intensity distribution in which light intensity of at least 
one portion of each pixel is 90% or less of a maximum illuminance in a circular area which corresponds 
to 10 times the pixel area and whose center Is situated in a center of the pixel. 

3. A method for manufacturing a liquid crystal display device according to claim 2, wherein a photomask hav- 
ing a pattern with regularity is placed on the transparent substrate, and light is irradiated through the pho- 
tomask to the mbcture provided between the substrates. 

4. A method for manufacturing a liquid crystal display device according to claim 3, wherein the pattern with 
regularity is formed on the photomask, and the pattern covers 30% or more of at least each pixel. 

5. A method for manufacturing a liquid crystal display device according to claim 3, wherein the pattern with 
regularity Is formed on the photomask, a minimum repeating unit of the pattern has a size within a circle 
having a diameter in the range of 1 jun to 50 jim, and an interval between a center of one unit and a center 
of an adjacent unit is in the range of 1 \im to 50 \im. 

6. A method for manufacturing a liquid crystal display device according to claim 2, wherein the photomask 
having a pattern with regularity is placed inside one of the substrates, and light is Irradiated through the 
photomask to the mbcture provided between the substrates. 

7. A method for manufacturing a liquid crystal display device according to claim 6, wherein the pattern with 
regularity is formed on the photomask, and the pattern covers 30% or more of at least each pixel. 

8. A method for manufacturing a liquid crystal display device according to claim 7, wherein the pattern with 
regularity is formed on the photomask, a minimum repeating unit of the pattern has a size within a circle 
having a diameter in the range of 1 iim to 50 jim, and an interval between a center of one unit and a center 
of an adjacent unit is in the range of 1 |xm to 50 iim. 

9. A liquid crystal display device comprising: 

two substrates facing each other, at least one of the substrates being transparent, electrodes dis- 
posed on inside surfaces of the respective substrates; and 

a display medium which is provided between the two substrates and formed of polymer walls con- 
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talning a polymer as their main component and liquid crystai regions containing iiquid crystal as tlieir main 
component; 

wherein the liquid crystal regions are partitioned by the polymer walls and are close to the sub- 
strates, portions of the liquid crystai regions close to the substrates being in parallel with the substrates. 

10. A liquid crystal display device according to claim 9. wherein an orientation direction of a plurality of liquid 
crystal molecules contained in each of the liquid crystal regions is concentric along the polymer walls with- 
in a plane which is in parallel with the substrates. 

11. Allquid crystal display device according to claim 9, wherein each of the liquid crystal regions has a plurality 
of liquid crystal domains and an orientation direction of each of the liquid crystal domains Is concentric 
along the polymer walls within a plane which is in parallel with the substrates. 

12. A liquid crystal display device according to claim 9, wherein each of the liquid crystal regions has an inside 
liquid crystal domain situated In a center thereof, a polymer region surrounding an outside of the inside 
liquid crystal domain, and a plurality of outside iiquid crystal domains surrounding an outside of the poly- 
mer region; and the respective outside liquid crystal domains are aligned in a radial manner within a plane 
which Is In parallel with the substrates. 

13. A liquid crystal display device according to claim 9, wherein the liquid crystal regions have a plurality of 
liquid crystal domains, and an orientation direction of each of the liquid crystal domains is different within 
a plane which Is In parallel with the substrates. 

14. A liquid crystal display device according to claim 9. wherein the liquid crystal regions have a polymer re- 
gion positioned in the center thereof and a plurality of liquid crystal domains surrounding an outside of 
the polymer region, and the respective liquid crystal domains are aligned in a radial manner within a plane 
which is in parallel with the substrates. 

15. Aliquid crystal display device according to claim 9. comprising a plurality of pixels, wherein the liquid crys- 
tal regions are provided In at least one pixel. 

16. A liquid crystal display device according to daim 15, wherein at least one liquid crystal region contained 
in the pixel has a size of 30% or more of the pbcel size. 

17. A liquid crystal display device according to claim 1 5, wherein an orientation direction of a plurality of liquid 
crystal molecules contained in each of the liquid crystal regions is concentric along the polymer walls with- 
in a plane which is in parallel with the substrates. 

18. Aliquid crystal display device according to daim 15, wherein each of the liquid crystal regions has a plur- 
ality of liquid crystal domains, and an orientation direction of each of the liquid crystai domains is con- 
centric along the polymer walls within a plane which is In parallel with the substrates. 

19. Aliquid crystal display device according to claim 1 5, wherein the liquid crystal regions have an inside liquid 
crystal domain positioned in a center thereof, a polymer region surrounding an outside of the inside liquid 
crystal domain, and a plurality of outside liquid crystal domains surrounding an outside of the polymer 
region; and the respective outside liquid crystal domains are aligned In a radial manner within a plane 
which is In parallel with the substrates. 

20. A liquid crystal display device according to daim 15, wherein the liquid crystal regions have a plurality of 
liquid crystal domains, and an orientation direction of each of the liquid crystal domains is different within 
a plane which is In parallel with the substrates. 

21. A liquid crystal display device according to claim 15, wherein the liquid crystal regions have a polymer 
region positioned in a center thereof and a plurality of liquid crystal domains surrounding an outside of 
the polymer region; and the respective liquid crystal domains are aligned in a radial manner within a plane 
which is in parallel with the substrates. 

22. A liquid crystal display device according to daim 9, comprising a plurality of pixels, wherein two or more 
of the iiquid crystal regions are entirely or partially provided in one pixel. 
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23. A liquid crystal display device according to daim 22, wherein the pixel has a longitudinal side of 200 ^im 
or more. 

24. A liquid crystal display device according to daim 22, wherein an orientation direction of a plurality of liquid 
crystal molecules contained In the liquid crystal regions are concentric along the polymer walls within a 
plane which Is in parallel with the substrates. 

25. A liquid crystal display device according to daim 22, wherein each of the liquid crystal regions has a plur- 
ality of liquid crystal domains, and an orientation direction of each of the liquid crystal domains is con- 
centric along the polymer walls within a plane which is In parallel with the substrates. 

26. A liquid crystal display device according to daim 22, wherein each of the liquid crystal domains has an 
inside liquid crystal domain positioned In a center thereof, a polymer region surrounding an outside of the 
inside liquid crystal domain, and a plurality of liquid crystal domains surrounding an outside of the polymer 
region; and the respective outside liquid crystal domains are aligned In a radial manner within a plane 
which Is In parallel with the substrates. 

27. A liquid crystal display device according to daim 22, wherein the liquid crystal region has a plurality of 
liquid crystal domains, and an orientation direction of each of the liquid crystal domains is different within 
a plane which is in parallel with the substrates. 

28. Allquld crystal display device according to daim 22, wherein each of the liquid crystal regions has a poly- 
mer region positioned in a center thereof and a plurality of liquid crystal domains surrounding an outside 
of the polymer region, and the respective liquid crystal domains are aligned in a radial manner within a 
plane which Is In parallel with the substrates. 

29. Allquld crystal display device according to daim 9, wherein a plurality of liquid crystal molecules contained 
in each of the liquid crystal regions are aligned in a helical manner along a helical axis which is vertical 
with respect to the substrates. 

30. A liquid crystal display device accoitling to daim 29, wherein the plurality of liquid crystal molecules con- 
tained In each of the liquid crystal regions are provided with a helical pitch of 15 ^m to 100 ^im. 

31. A liquid crystal display device according to daim 9, wherein d x A n is In the range of 0.4 nm to 1.1 nm; 
and a distance between the substrates is In the range of 3 i^m to 10 ^m, where d is a thickness between 
horizontal portions In each of the liquid crystal regions and A n is anisotropy of refractive index thereof. 

32. A liquid crystal display device according to daim 9, wherein the display medium has a structure in which 
a liquid crystalline compound Is fixed in the vicinity of an Interface between the liquid crystal region and 
the polymer wall. 

33. A liquid crystal display device according to claim 32, wherein anisotropy of dielectric constant Ael of the 
liquid crystal region and anisotropy of dielectric constant Asp of the liquid crystalline compound have a 
relationship of Asl x Azp < 0. 

34. A liquid crystal display device according to daim 32, wherein the liquid crystalline compound has at least 
one of a fluorine atom and a chlorine atom and the liquid crystal region Is formed from a liquid crystal 
material having at least one of fluorine atom and a chlorine atom in Its molecule. 

35. A liquid crystal display device according to daim 34. wherein the liquid crystalline compound has an opt- 
ically active group in its molecule and the liquid crystal region is formed from ferroelectric liquid crystal. 

36. Allquld crystal display device according to claim 32, wherein the polymer walls are formed in a liquid crys- 
tal state. 

37. A liquid crystal display device according to daim 36. wherein the liquid crystal regions and the polymer 
walls contain a dichroic dye. 

38. Aliquid crystal display device according to daim 32. wherein the polymer walls are formed In a liquid crys- 
tal state, and the polymer walls and the liquid crystal regions are in the same orientation when no voltage 
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is applied to the display medium. 

39. A liquid crystal display device according to claim 38, wherein at least one of the substrates has an orien- 
tation film In contact with the display medium, and the polymer walls and the liquid crystal regions are In 
the same orientation, based on the orientation film. 

40. A liquid crystal display device according to claim 39, wherein the liquid crystal regions and the polymer 
walls contain a dichroic dye. 

41. A liquid crystal display device according to claim 9, wherein anisotropy of dielectric constant Ael of the 
liquid crystal region and anisotropy of dielectric constant Asp of the liquid crystalline compound have a 
relationship of Aet x Aep < 0. 

42. A liquid crystal display device according to dalm 9, wherein a remaining monomer ratio obtained from in- 
frared absorption caused by a double bond between carbons in the polymer wall and Infrared absorption 
caused by a carbonyl group of an ester in the polymer wall is 10% or less. 

43. A liquid crystal display device according to claim 9. wherein a light-Intercepting mask Is placed on one of 
the substrates so that light-intercepting portions of the mask cover portions where the substrate and the 
polymer walls are In contact with each other. 

44. A liquid crystal display device according to claim 43, wherein the light-Intercepting mask is placed so that 
the light-intercepting portions thereof cover 50% or more of the respective portions where the substrate 
and the polymer walls are in contact with each other. 

45. A liquid crystal display device according to claim 9, wherein orientation f ilms are respectively formed on 
the electrodes mounted on the substrates. 

46. A liquid crystal display device according to claim 45, wherein the orientation films are uniaxially aligned 
by an orientation treatment 

47. A liquid crystal display device according to daim 45, wherein at least one of the orientation films contain 
a photopolymerization Initiator. 

48. A liquid crystal display device according to dalm 9, wherein a polarizing plate is provided outside of at 
least one of the substrates. 

49. Amethod for manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 

providing a mixture containing a photopolymerizable compound and a liquid crystal material be- 
tween a pair of substrates, two substrates fadng each other, at least one of the substrates being trans- 
parent, and electix)des being disposed on Inside surfaces of the respective substrates, thereby forming 
a cell; and 

irradiating the mixture with light under the condition that Intensity of light is reduced in predeter- 
mined portions of the mixture, thereby forming a display medium between the substrates, the display me- 
dium having polymer walls containing a polymer as their main component and liquid crystal regions con- 
taining liquid crystal as their main component. 

50. A method for manufacturing a liquid crystal display device according to daim 49, wherein the predeter- 
mined portions correspond to at least one pixel, whereby the liquid crystal regions are provided in at least 
one pixel. 

51. Amethod for manufacturing a liquid crystal display device according to claim 49, wherein an area of each 
of the predetermined portions corresponds to 30% or more of each pixel area, whereby at least one liquid 
crystal region contained In the pixel Is made 30% or more of the pixel area. 

52. A method for manufacturing a liquid crystal display device according to daim 49, wherein means for re- 
dudng Intensity of light is a photomask, and the photomask is placed on the side of the display medium 
of one of the substrates. 
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53. A method for manufacturing a liquid crystal display device according to claim 49, wherein the mixture is 
irradiated with light through a photomask, the photomask having a plurality of masking portions for form- 
ing the liquid crystal regions and each of the masking portion having at least one light transmission hole 
at least in a center thereof, whereby liquid crystal domains are formed in a radial manner In each of the 
liquid crystal regions. 

54. A method for manufacturing a liquid crystal display device according to claim 53, using a photomask hav- 
ing masking portions for forming the liquid crystal regions, each of the masking portions having a light 
transmission hole in a center thereof and light transmission slits disposed in a radial manner around the 
transmission hole. 

55. A method for manufacturing a liquid crystal display device according to claim 49, wherein the mixture is 
Irradiated with light while alternating a light-irradiating period and a non llght-irradlating period. 

56. A method for manufacturing a liquid crystal display device according to claim 49, wherein the mixture fur- 
ther contains a compound having effects for suppressing photopolymerlzation. 

57. A method for manufacturing a liquid crystal display device according to claim 49, wherein the display me- 
dium having walls containing a polymer as their main component and liquid crystal regions containing liq- 
uid crystal as their main component Is formed between the substrates by irradiating light to all of the por- 
tions or part thereof excluding the pixels. 

58. A method for manufacturing a liquid crystal display device according to claim 57, wherein light which Is 
irradiated to all of the portions or part thereof excluding the pixels is linear light. 

59. A method for manufacturing a liquid crystal display device according to claim 57, wherein light irradiation 
to all of the portions or part thereof excluding the pixels is conducted while spot light In a dot shape is 
moved. 

60. A method for manufacturing a liquid crystal display device according to claim 49, wherein means for re- 
ducing Intensity of light is an insulating film formed on the electrode of one of the substrates, and the 
display medium having walls containing a polymer as Its main component and liquid crystal regions con- 
taining liquid crystal as its main component is formed between the substrates by Irradiating light to the 
mixture from the side of the substrate on which the insulating film is formed. 

61. A method for manufacturing a liquid crystal display device according to claims 49. wherein the step of 
forming a cell Is conducted by attaching the two substrates after providing the mixture on one of the sub- 
strates. 

62. Amethod for manufacturing a liquid crystal display device according to claim 49, wherein polarizing plates 
are formed on external surfaces of the two substrates. 

63. Amethodfor manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 

forming an orientation film containing a photopolymerlzation Initiator on at least one of a pair of sub- 
strates, two substrates facing each other, at least one of the substrates being transparent, and electrodes 
being disposed on inside surfaces of the respective substrates; 

subjecting the substrate on which the orientation film Is formed to a rubbing treatment in one di- 

. rection; 

providing a mixture containing a photopolymerizable compound and a liquid crystal material be- 
tween the pair of substrates after the rubbing treatment; and 

forming a display medium having polymer walls containing a polymer as their main component and 
liquid crystal regions containing liquid crystal as their main component by curing the photopolymerizable 
compound. 

64. A method for manufacturing a liquid crystal display device according to claim 63, wherein the photopoly- 
merizable compound contained in the mixture contains a liquid crystalline compound having at least one 
polymerizable functional group in its molecule. 

65. A method for manufacturing a liquid crystal display device according to daim 64. wherein a compound 
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having a polymerizable functional group, at least one of a fluorine atom and a chlorine atom in its molecule 
is used as the liquid crystalline compound, and a liquid crystal material having at least one of a fluorine 
and a chlorine atom In its molecule Is used for the liquid crystal regions. 

66. A method for manufacturing a liquid crystal display device according to claim 65, wherein a compound 
having a polymerizable functional group and an optically active group in its molecule is used as the liquid 
crystalline compound, and ferroelectric liquid crystal is used for the liquid crystal regions. 

67. A method for manufacturing a liquid crystal display device according to claim 63. wherein UV-rays are 
irradiated to the mixture so that portions where the liquid crystal regions are to be formed become weak 
light-Irradiated regions, thereby optically polymerizing the photopolymerizable compound. 

68. Amethod for manufacturing a liquid crystal display device according to claim 67, wherein means for form- 
ing weak light-irradiated regions is a photomask, and the photomask is placed on the side of the display 
medium of one of the substrates. 

69. A method for manufacturing a liquid crystal display device according to claims 63, wherein the step of 
forming a cell is conducted by attaching the two substrates after providing the mbcture on one of the sub- 
strates. 

70. Amethod for manufacturing a liquid crystal display device according to claim 63, wherein polarizing plates 
are formed on external surfaces of the two substrates. 

71. Amethod for manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 

forming a thin film pattern containing a photopolymerlzation initiator on one surface of at least one 
of a pair of substrates, the substrates respectively having electrodes and at least one of the substrates 
being transparent; 

providing a mixture containing a polymerizable compound and a liquid crystal material between the 
pair of substrates, at least one of the substrates having the thin film pattern, thereby forming a cell; and 

forming a display medium between the substrates by curing the polymerizable compound, the dis- 
play medium having polymer walls containing a polymer as their main component and liquid crystal regions 
containing liquid crystal as their main component. 

72. A method for manufacturing a liquid crystal display device according to claim 71, wherein the polymerl- 
zatfon initiator Is a photopolymerlzation initiator, the polymerizable compound Is a photopolymerizable 
compound, a photomask allowing 50% or more of the thin film pattern to be exposed Is placed outside 
of one of the substrates, and light is irradiated to the photopolymerizable initiator and the photopolymer- 
izable compound through the photomask to cure the photopolymerizable compound. 

73. A method for manufacturing a liquid crystal display device according to claim 72, wherein the photopoly- 
merizable compound contained In the mbcture contains a liquid crystalline compound having at least one 
kind of polymerizable functional group at its molecule. 

74. A method for manufacturing a liquid crystal display medium according to claim 73, wherein a compound 
having a polymerizable functional group, and at least one of a fluorine atom and a chlorine atom In its mol- 
ecule is used as the liquid crystalline compound; and a liquid crystal material having at least one of a flu- 
orine atom and a chlorine atom in Its molecule Is used for the liquid crystal regions. 

75. A method for manufacturing a liquid crystal display device according to claim 73, wherein a compound 
having a polymerizable functional group and an optically active group in its molecule is used as the liquid 
crystalline compound and ferroelectric liquid crystal is used for the liquid crystal regions. 

76. A method for manufacturing a liquid crystal display device according to claim 71, wherein UV-rays are 
irradiated to the mixture so that portions where the liquid crystal regions are to be formed become weak 
light-irradiated regions, thereby optically polymerizing the polymerizable compound. 

77. A method for manufacturing a liquid crystal display device according to claim 71, wherein the polymeri- 
zation Initiator Is a heat polymerization Initiator, the polymerizable compound is a heat polymerizable com- 
pound, and the heat polymerization initiator and the mixture are heated to cure the heat polymerizable 
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compound. 

78. A method for manufacturing a liquid crystal display device according to claims 71, wherein the step of 
forming a cell Is conducted by attaching the two substrates after providing the mixture on one of the sub- 
strates. 

79. A method for manufacturing a liquid crystal display device according to claim 71 . wherein polarizing plates 
are formed on external surfaces of the two substrates. 

80. Amethod for manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 

providing a mixture between a pair of substrates facing each other, thereby forming a cell, at least 
one of the substrates being transparent, electrodes being disposed on inside surfaces on the respective 
substrates, the mixture containing a liquid crystal material, a polymerizable liquid crystalline material hav- 
ing a liquid crystalline functional group in its molecule, a polymerizable compound, and a polymerization 
Initiator, anisotropy of dielectric constant Asl of the liquid crystal material and anisotropy of dielectric con- 
stant A£p of the polymerizable liquid crystalline material having a relationship of Asl x Aep < 0, and 

forming a display medium between the substrates by polymerizing the polymerizable compound, 
the display medium having polymer walls containing a polymer as their main component and liquid crystal 
regions containing liquid crystal as their main component, providing the liquid crystalline functional groups 
in the liquid crystal regions to f be a liquid crystalline polymer on the polymer walls. 

81. A method for manufacturing a liquid crystal display device according to claim 80, wherein the polymeriz- 
able compound Is a photopolymerizable compound, the polymerization initiator is a photopolymerization 
initiator, and the polymerizable compound is optically polymerized. 

82. A method for manufacturing a liquid crystal display device according to claim 81, wherein UV-rays are 
irradiated to the mixture so that portions where the liquid crystal regions are to be formed become weak 
light-irradiated regions, thereby optically polymerizing the mixture. 

83. Amethod for manufacturing a liquid crystal display device according to claim 82, wherein means for form- 
ing the weak light-irradiated regions Is a photomask, and the photomask is placed on the side of the dis- 
play medium of one of the substrates. 

84. Amethod for manufacturing a liquid crystal display device according to claim 80, wherein the polymeriz- 
able compound is a heat polymerizable compound, the polymerization initiator is a heat polymerization 
Initiator, and the polymerizable compound is polymerized by heating. 

85. A method for manufacturing a liquid crystal display device according to daim 80, wherein a compound 
having at least one of a fluorine atom and a chlorine atom in its molecule Is used as the liquid crystal ma- 
terial and the polymerizable liquid crystalline material. 

86. A method for manufacturing a liquid crystal display device according to claims 80, wherein the step of 
forming a cell is conducted by attaching the two substrates after providing the mbcture on one of the sub- 
strates. 

87. Amethod for manufacturing a liquid crystal display device according to claim 80. wherein the step of form- 
ing a cell comprises the steps of: 

coating the mixture onto one of the substrates, the mixture further containing a solvent capable of 
homogeneously dissolving the liquid crystal material and the polymerizable liquid crystalline material; 

removing the solvent from the mixture coated onto one of the substrates by evaporation to provide 
the liquid crystalline functional groups in the liquid crystal regions, thereby fixing a liquid crystalline com- 
pound on the polymer walls; and 

placing the other substrate on the substrate on which the mbcture Is coated. 

88. A method for manufacturing a liquid crystal display device according to claim 80, wherein polarizing plates 
are formed on external surfaces of the two substrates. 

89. Amethod for manufacturing a liquid crystal display device having a plurality of pixels, comprising the steps 
of: 
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providing a mixture between a pair of substrates facing each other, thereby forming a ceil, at least 
one of the substrates being transparent, electrodes being disposed on Inside surfaces of the respective 
substrates, the mixture containing a liquid crystal material, a photopolymerizable compound, a photopo- 
lymerlzation initiator, and a radical generating agent; 

irradiating light to the mixture to cause a phase separation, thereby obtaining a state in which liquid 
crystal regions are dispersed in the polymer walls; and 

thermally decomposing the radical generating agent by heating the display medium. 

90. A method for manufacturing a liquid crystal display device according to claim 89. wherein UV-rays are 
irradiated to the mixture so that portions where the liquid crystal regions are to be formed become weak 
light-irradiated regions, thereby optically polymerizing the polymerlzable compound. 

91. Amethod for manufacturing a liquid crystal display device according to claim 90, wherein means forform- 
ing the weak light-irradiated regions is a photomask, and the photomask is placed on the side of the dis- 
play medium of one of the substrates. 

92. A method for manufacturing a liquid crystal display device according to claim 89. wherein a liquid crystal 
material of at least one of a fluorine type and chlorine type Is used as the liquid crystal material. 

93. A method for manufacturing a liquid crystal display device according to claim 89, wherein the photopoly- 
merizable compound contains a photopolymerizable liquid crystal compound. 

94. A method for manufacturing a liquid crystal display device according to claims 89, wherein the step of 
forming a cell is conducted by attaching the two substrates after providing the mixture on one of the sub- 
strates. 

95. A method for manufacturing a liquid crystal display device according to claim 89, wherein polarizing plates 
are formed on external surfaces of the two substrates. 
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(57) A liquid crystal display device of the present 
invention includes: two substrates facing each 
other, at least one of the substrates being trans- 
parent; electrodes disposed on inside surfaces 
of the respective substrates ; a display medium 
which Is provided between the two substrates 
and formed of polymer walls (17) containing a 
polymer as their main component and liquid 
crystal regions (16) containing liquid crystal as 
their main component ; and a plurality of pixels, 
wherein the liquid crystal regions are par- 
titioned by the polymer walls and are dose to 



the substrates, portions of the liquid crystal 
regions close to the substrates being In parallel 
with the substrates, an Interval a between the 
center of one liquid crystal region and the 
center of an adjacent liquid crystal region in a 
direction along the surface of the substrate is 
within a width of one pbcel along the direction, 
and 80% or more of the intervals a satisfy the 
relationship: 3b/2 > a > b/2, where b is an 
average of the intervals a. 
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Tho Search Divwicn considers lhat the present European patent applicadon does nai comply with Ae rwiuirement of unity of 

invention and relatM to several invenibne or Qroups of inventions. 

namely: 



1. Claims 1-62: 

A liquid crystal device having a plurality pixels 
comprising a display medium which is provided between 
two substrates and formed of polymer walls and 
liquid crystal region and a method of manufacturing 
by irridiating the mixture containing a lic[uid crystal 
and a photopolymerizable compound with a particular 
light distribution 

2. Claims 63-79: 

A method of manufacturing a liquid crystal device 
having a plurality of pixel, forming a film containing 
a photopolymerisation initiator on at least one 
substrate, providing a mixture containing a liquid 
crystal material and a polymerisable compound 

3. Claims 80-88: 

A method of manufacturing a liquid crystal device 
having a plurality of pixels providing a mixture 
containing a liquid crystal material and a 
photopolymerizable liquid crystalline material 

4. Claims 89-95: 

A method of manufacturing a liquid crystal device 
having a plurality of pixels providing a mixture 
of liquid crystal material a photopolymerizable 
compound a photopolymerization initiator and a 
radical generating agent 
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Control of Polymer Orientation in Polymer Dispersed Liquid 

Crystal (PDLC) 

Eiji Shimada and Tatsuo Uchida 
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U is considered that electrooptical propenies of polymer dispersed liquid crystal (PDLC) "rongly depend on the 
rohmer network structure. Therefore, we have tried to control the orientation of the polymer ""^"^^ ° . ^"'^ 

'succeeded by means of photppolymerization of the neraatic phase mixture of the monomer and hqmd crystal 
^al. In addition, the liquid crystal in the PDLC was roughly aligned parallel to the extended d'rec"on of he 
polymer network. This result predicts that uniform alignment of liquid crystal can be obtained by optimizing the 
rotymerizaiion condition. 

KEYWORDS: polymer dispersed liquid crystal, polymer orientation. UV-curable polymer, liquid crystal, display 
device, tight scattering 



§1. IntrcKhiction 

PohTser dispersed liquid crystals (PDLCs) have been 
studied many workers recently. PDLCs are classified 
into two iTpes: the microdroplet type/*^* in which liquid 
crystal nsizrodroplets are dispersed in a polymer matrix, 
and the poi^mer network type,^^ in which liquid crystal is 
continuoas in a polymer network. We have studied the 
polymer B^ork type of PDLC. 

One of lae problems of conventional twisted nematic 
LCD is iov brightness because of polarizers. In contrast, 
the PDLC does not need polarizers, and therefore, is 
capable of bright display. Other advantages of the PDLC 
are wide viewing angle, fast response and the absence of 
required sarface treatment. On the other hand, it has 
some disadvantages, such as hysteresis in the voltage- 
transmizi22ce curve, poor threshold sharpness and in- 
sufficieEi oDQtrast due to relatively low scattering. 

As for lise problems of hysteresis and threshold sharp- 
ness, they axe expected to be solved by controlling the 
orientaaos of the polymer network, because the align- 
ment of ]30iid crystal in the PDLC is strongly affected by 
the polyiii2r network structure. Therefore, for the first 
step of PDLC research, we have studied the orientation 
of the polymer network as well as the liquid crystal. 

§2. Experiment and Discussion 

In the experiment, we used UV-curable diacrylate 
monomer doped with 2% of photoinitiator Darocure 
1 173 produced by Merck & Co. Inc. as a starting material 
of the polTiner, and nematic liquid crystal PN-001 made 
by Daiiiippon Ink & Chemicals, Inc. These materials are 
reported ly Fujisawa et al?^ to give low-voltage PDLC. 
A phase of the mixture of monomer and liquid 

crystal is shown in Fig. 1. It is seen from this figure that 
the misraie becomes nematic in the region of high liquid 
crystal ccEscratration. In this region, the monomer is con- 
sidered lo be oriented as in the case of the guest-host 
effect/' TlaCTefore we expected to be able to obtain an 
n ^'a^**^ ^^f,y^^^^}f. ^t^.pi^i^p oolvmerization in 



this region. 

2.1 Control of polymer orientation by rubbing treat- 
ment 

As a typical sample, a mixture of 5% monomer and 
95% liquid crystal which was nematic at 30°C was used 
in the experiment. This mixture was introduced into a 
cell composed of two glass plates with a gap of 9 /xm be- 
tween them. The substrates were rubbed in advance with 
cloth in the direction parallel to each other. Then this ceU 
was irradiated with UV light at BO^C to form the polymer 
network. After the polymerization, the ceU was observed 
between crossed polarizers, and liquid crystal was found 
to be aligned roughly paraUel to the rubbing direction. 

In order to directly observe the polymer network struc- 
ture, we removed the liquid crystal from the cell by extrac- 
tion with methanol. Figure 2 shows a microphotograph 
of this sample. It is seen from this photograph that the 
polymer network extends in the rubbing direction. 

Then, we measured the scattering property of the cell 
as a function of the polarization direction of incident 
light. The result is shown in Fig. 3 where the ordinate is 
the transmittance instead of the scattering for simplicity, 




75 BO 85 90 95 100 

Concentration of liquid cp/sta! ( % ) 



Fig. I . Phase diagram of the mixture of liquid crystal and UVTCurable 
monomer. 
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Rotation angle of the cell ( deg ) 



Fig. 3. Dependence of the transmittance on the polarization efi rgen r m: 
of the incident light (wavelength: 550 nm). Rotation angle irrffinrCT 
the angle between the polarization direction and the nibbins auc- 
tion. 



and the abscissa is the angle between the rubbing direc- 
tion and polarization direction. It is seen that scanedBg 
becomes strongest and weakest when the poiarizados 
direction of incident light is parallel and perpendicular to 
the rubbing direction, respectively. This property is ex- 
plained as follows. Liquid crystal is aligned paralki lo 
the direction of the polymer network, and therefore, in- 
dex mismatch between the liquid crystal and polymer 
becomes highest.^d lowest when the polarization dir^- 
tion is parallel and perpendicular to the rubbing dfrec- 
tion, respectively. Figures 4(a) and 4(b) show cbe 
transmittance-voltage properties for the incident ligiE 
polarized parallel and perpendicular to the rubbing dnrec- 
tion, respectively. The high transmittance at high volrage 
in both condition is due to that liquid crystal is aligned 
perpendicular to the substrate and hence, the lEdes 
mismatch becomes lowest. Incidentally, the transnit- 
tance shows a relatively small dip at 2-3 volts in both 
figures. It was found by microscopic observation ihm 
many domains arose in this voltage region. Therefore^ 



100 




Voltage ( V ) 

(a) 



100 




n' ' ' — — ' ' ' 

^0 10 20 30 

Voltage ( V ) 

(b) 

^M. Voliage-transmiitance properties for the incident light polariz- 
" =i paraUel (a) and perpendicular (b) to the rubbing direction 
xwsv^Sength: 550 nm). 

inanatch between the liquid crystal and polymer, but in- 
to the formation of domains. 

UL Control of polymer orientation by electric field 

M order to study the alignment effect of the electric 
Md on the direction of the polymer network during 
lEiynierization, 50 volts was applied to the cell under the 
SHne conditions as mentioned in §2. 1 and UV light was ir- 
-KSaied. The liquid crystal alignment of this PDLC was 
idser^ed between crossed polarizers, and it was found 
nar the alignment was almost perpendicular to the 
sibscrate but tilted slightly in the rubbing direction. In 
irfer to measure this angle, we measured the transmit- 
:iHice of the cell between the parallel polarizers by 
yztaung the cell as shown in Fig. 5. The result is shown in 
F^. 6. It is seen from this figure that the transmittance 
.orvs for diflferent wavelengths commonly show sym- 
3iaxy with respect to do. This fact indicates that retarda- 
iiau becomes minimal at do, which gives the average direc- 

~ *. _i: . ♦ O-r H. ^rtrl Cri*»11*c law it waS 

.?i ;7 n oi ailgliiiicuL. uy uoiug vu t^M.m%^M^ « 

ijund that the alignment of liquid crystal was tilted from 
^DC perpendicular direction by about 15 toward the rubb- 
fi,^ ^prtion. This ali^ment did not change after 
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heating the cell over the clearing temperature of liquid 
crystal. Therefore, it is considered that the polymer net- 
work itself extends in this direction and that the liquid 
crystal is aligned along it. 

In order to confirm the above speculation that the 
polymer network extends in the applied field direction, 
we fabricated another type of cell, to which an electric 



Polarizer Cell Analyzer 




Detector 



Fig. 5. Schematic illustration of the system to measure effective tilt 
angle of liquid crystal. 




Tilt angle of the cell ( deg ) 

Fig. 6. Dependence of the transmitted light intensity of the cell be- 
tween the parallel polarizers on the tilt angle. 




Rubbing direction 



Fig. 7. Micrograph of the polymer network after removal of liquid 
crystal. The polymer network extends in the direction of the applied 



field (1 V/fim) can be applied in the direaion parallel to 
the surface but at an angle of 45 - from the rubbing direc- 
tion. Under the same conditions as mentioned in §2. 1, ex- 
cept for the application of the electric field, UV light was 
irradiated to the cell. Then, we removed the liquid crystal 
by extraction with methanol and observed ihc polymer 
network through a microscope. Figure 7 is a 
microphotograph of the sample. We found that the 
polymer network did indeed extend in the applied field 
direction. 

§3. Conclusions 

We succeeded in controlling the orienianon of the 
polymer network by polymerization from a nematic 
phase mixture of monomer and liquid crysial material. 
There are two methods available to control the orienta- 
tion direction. One method is the rubbing treament of 
substrates, by which the nematic phase mixture is aligned 
parallel to the rubbing direction. Irradiation with UV 
light under this condition induced an exteiKied polymer 
network into alignment parallel to the rubbing direction. 
The other method is the application of electric field dur- 
ing UV irradiation, which induced the polymer network 
into alignment parallel to the field. In contrast, it was con- 
firmed that the polymer network structure was not align- 
ed in a specific direction in the case in which polymeriza- 
tion was performed from the isotropic phase instead of 
the nematic phase. In addition, the liquid crystal in the 
PDLC, which was formed by the above-mentioned 
method, was aligned roughly parallel to the extended 
direction of the polymer network. It is predicted from 
this result that uniform alignment in an arbitrary direc- 
tion can be obtained by optimizing the polymerization 
condition. 

Incidentally, Araya et al.^^ have also reported that 
they could orient polymer fibrils using Uquid crystal by a 
different polymerization method. That is, a catalyst of 
polymerization was doped in the liquid crystal and the 
material of the polymer, acetylene gas, was introduced to 
the liquid crystal in a reactor. From this, we conclude 
that our method is more suitable for fabrication of 
PDLCs. 
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ABSTRACT: A diacrylate monomer containing a core of azobenzene groups was synthesized. Thermal 
polymerizations of mixtures of the monomer dissolved in a nematic liquid crystal, E7, resulted in liquid 
crystals stabilized by an azobenzene-containing polymer network. When their thin films were irradiated 
by linearly polarized UV light at room temperature, as a result of the alignment of azobenzene groups on 
the network, a macroscopic orientation of E7 molecules was induced perpendicular to the UV polarization 
direction. Infrared dichroism was used to measure the liquid crystal orientation in irradiated films. It 
was found that the achievable orientation, observed after minutes of irradiation, increases with increasing 
polymer network density and that a significant degree of the induced orientation remains stable after 
turning off the irradiation. This approach represents a new means to control the average liquid crystal 
orientation in materials such as polymer-stabilized liquid crystsds. 



Introduction 

Among liquid crystal-based electrooptical materials, 
polymer-stabilized liquid crystals (PSLC) show great 
potential for a number of applications including display 
technologies.^ Generally, PSLC is prepared by first 
dissolving a small amount of monomers in a low 
molecular weight Uquid crystal and then performing 
thermally or photoinduced polymerization giving rise 
to a polymer network. If the polymerization proceeded 
while liquid crystal molecules are oriented by surface 
treatment or effects of other external fields, the formed 
polymer network can be anisotropic. The network in 
turn can stabilize the liquid crystal orientation or a 
specific texture. This is the basis for electrically control- 
lable light scattering of these materials, which is neces- 
sary for display applications- Chien and co-workers^'^ 
have made PSLC with an azo-containing network and 
used the dichroic azo dyes to measure the optical order 
parameter of the aligned network. Unlike pol)rmer- 
dispersed liquid crystals (PDLC), which consist of Uquid 
crystal droplets in a polymer matrix, PSLC needs no 
match of refractive indices because of the low polymer 
concentration. Many studies have already been devoted 
•0 PSLC containing cholesteric and ferroelectric liquid 
crystals. ^'^'^ 

The purpose of this study is to investigate possibiHties 
of using irradiation to control or promote liquid crystal 
orientation in this type of materials. The basic idea is 
10 make a polymer network carrying azobenzene groups 
A-hich not only can stabilize Hquid crystal but also alter 
•=ts orientation through irradiation. In recent years, 
azobenzene-containing polymers and liquid crystalline 
polymers have attracted a lot of attention.^"^^ They have 
:he potential to be used as optical storage media. The 
basis of all the interests is the photoinduced isomeriza- 
uon of azobenzene. Among the many studies exploring 
J^e use of this phenomenon,^" jj^s been shown that 
'his photoisomerization can induce isothermal nematic 

isotropic phase transition in liquid crystalline poly- 

' To whom correspondence should be addressed. 
Centre de recherche en science et ing^nierie des macromol- 
^les, (CERSIM). University Laval, Quebec, Canada. 



mers^^ and can induce orientation of azobenzene moi- 
eties."^ When linearly polarized light irradiates a thin 
film of azobenzene polymers, the azobenzene groups 
tend to be aligned perpendicular to the polarization 
direction. The orientation mechanism is now imder- 
stood. Upon irradiation, each photoinduced trans^cis 
isomerization is followed by thermally activated cis^ 
trans isomerization, which causes a small reorientation 
of the transition moment. After a large mmiber of the 
trans— cis— trans cycles, the result is a preferential 
orientation of azobenzene groups normal to the polar- 
ization plane. The ability for £izobenzene groups to 
induce orientation of nonreactive units has been well 
demonstrated.^^ 

From the above, if a liquid crystal is stabilized by a 
polymer network can:ying azobenzene groups, it is 
conceivable that any azobenzene orientation due to 
irradiation could alter the director fields of surrounding 
Uquid crystal molecules, leading to their orientation. If 
this is true, the approach is of interest, considering the 
importance of controlling the average hquid crystal 
orientation over macroscopic length scales. The method 
can add an additional means to promote and manipulate 
hquid crystal orientation in PSLC. In contrast with 
surface alignment, a polymer network offers "volume" 
or '^ulk" effects, which could have the advantage, for 
instance, to align Uquid crystals in relatively thick films. 
Furthermore, aligning Uquid crystals through irradia- 
tion of the pol3rmer network gives selectivity for the 
orientation that surface treatment cannot. As azoben- 
zene groups are aligned only in areas exposed to 
irradiation, the orientation of Uquid crystal molecules 
should occur only in those areas. Combined with surface 
aUgnment, an irradiation-controUable orientation could 
give PSLC materials more possibilities for design of 
electrooptical properties. In addition to PSLC, the 
approach can be of general interest in the search of 
electrooptical materials, for which the basis of appUca- 
tions is often the induction and control of birefi^ingence. 

In this paper, we report oiu* investigations on a 
system of liquid crystal/azobenzene— polymer network. 
A diacrylate monomer having an azobenzene moiety as 
the central core was synthesized for the purpose. It will 
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Scheme 1. Synthesis of Monomer 
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be shown that thermal polymerizations of mixtures of 
liquid crystal/monomer led to the formation of a homo- 
geneous poljmaer network stabilizing the liquid crystal. 
Irradiation by a linearly polarized UV light could indeed 
induce orientation of liquid crystal molecules surround- 
ing the network. The orientation was characterized 
using infrared dichroism. 

Experimental Section 

Synthesis of the Diacrylate Monomer. The syathetic 
route used to prepare the diacrylate monomer carrying an 
azobenzene group is shown in Scheme 1, It is interesting to 
notice that the monomer does not have a symmetrical chemical 
structure, possessing an ether group on one side and an ester 
group on the other side of the azobenzene core. The six 
methylene spacers on both sides are quite long, which should 
give the azobenzene group enough freedom for conformational 
changes and movement. Starting chemicals for the synthesis, 
such as 4raminobenzoic acid, phenol, 6-chlorohexanol, and 
acryloyl chloride, were purchased from Aldrich and used as 
received. All compounds were characterized by differential 
scanning calorimeter (DSC) and a number of spectroscopic 
techniques including infrared (IR), ultraviolet (UV), proton 
nuclear magnetic resonance OH NMR), and mass spectroscopy. 
Details on the synthesis and characterization results are 
summarized below. 

4'(p- Hydroxy phenylazo)benzoic Acid (1). Obtained through 
diazonium coupling between the diazonium salt of 4-ami- 
nobenzoic acid and phenol. After several recrystalHzations 
from ethanol, 1 was obtained with good yield of about 66%. 
Mp: 276 °C. MS (m/e): 242 (M'"^). UV A/nm (methanol): 376 
(jT — n*, diazobenzene). IR v/cm'^ (KBr): 3400-2500 (-CO2H 
and -OH), 1683 (C=0), 1589 (phenyl), 1418, 1237, and 1289 
(C-0, benzoic acid). NMR (3/ppm (acetone-de, c//Hz): 11.3 
(br, IH), 9.25 (br, IH), 8.20 (d, J 8.5, 2H). 7.94 (d, J 8.5, 2H), 
7.91 (d, J 8.9, 2H), 7.04 (d, J 8.9, 2H). 

6-Hydroxyhexyl 4-[p-(6'Hydroxyhexyloxy)phenylazoJbenzoate 
(2). Alkylation, with 6-iodohexanol, of both carboxyUc acid and 
phenol functions of 1 occurred simultaneously in HMPA, using 
a NaOH solution as the deprotonating agent. Under these 
conditions, decarboxylation caused by NaOH was minimized. 
6-Iodohexanol was preferred to the analogous chloro compound 
for improved yield and reduced reaction time. (6-Iodohexanol 
was prepared by reaction of 6-chlorohexanol with sodium 
iodide in acetone under reflux.) The typical procediire was as 
follows. To a solution of 1.0 g of 1 (4.1 mmol) in 13 mL of 
HMPA was added 1.1 mL of aqueous 33% NaOH solution (9.1 



^ ^ 0(CH2)6< 




Monomer 



mmol). The solution was stirred for 0.5 h at 5 °C; then, 2.66j 
of 6-iodohexanol (11.7 mmol) was added, and the solution wai 
stirred for 4 days at room temperature (20-25 *'C).'l^ 
mixture was poured into 200 mL of water, and the predpitaf 
formed was filtered, dried, and dissolved in chloroform;.?^ 
solution was washed three times with water and then dxiek 
over anhydrous sodium sulfate overnight. Solvent was remq^ 
under reduced pressure. The product of 2 was pxirified t)V 
several recrystallizations firom toluene, and the jaeld was 38% 
Mp: 107 ''C; clearing point: 123 °C (a smectic mesophaa 
between 107 and 123 °C). MS {m/e): 442 (M*"^). UV ^nn 
(methanol): 360 (jt — re*, diazobenzene), 442 (n ;r*). B 
v/cm-i (KBr): 3600-3100 (-0H), 1708 (C=0), 1599 (phenyl) 
1277 and 1251 (C-O benzoate). ^H NMR <3/ppm (CDCljj 
J/Hz): 8.17 (d, J 8.5, 2H), 7.94 (d, J 9.0, 2H), 7.90 (d, 
2H), 7.01 (d, J 9.0, 2H), 4.35 (t, J 6.6, 2H), 4.06 (t, J 6.5,;^ 
3.68 (t, J 6.5, 2H), 3.67 (t, J 6.5, 2H), 1.79-1.85 (m, 4H), 1.^ 
1.65 (m, 4H), 1.35-1.49 (m, 8H). 

6-Acryloyloxyhexyl 4'[p-(6-Acryloyloxyhexyloxy)phenyb_^ 
benzoate (3), Monomer 3 was obtained by esterification^j^ 
with acryloyl chloride. A stoichiometric amoimt of j . 1 ^ 
chloride was added for reaction of the two alcohol fVmc^^ 
carried by 2. For a typical reaction, 0.27 g of acryloyl chlc^ 
(2.9 mmol) in 0.7 mL of anhydrous THF was added drop^ip^ 
under nitrogen and at 0 °C, to a stirred solution contai&B{ 
0.5 g of 2 (1.1 mmol) and 0.24 g of triethylamine (2,9 mmiSj^fi 
7 mL of anhydrous THF. The stirring was continued for 6 i 
at 0 °C; then the solvent was removed and the residni 
dissolved in CH2CI2. This solution was washed with water )^ 
aqueous 10% NaHCOa solution and dried over anhydrSm 
sodium sulfate overnight. The crude product was dissolve^;! 
hexane, and the solution was washed with water and d^ 
over anhydrous sodium sulfate before solvent was rem^ec 
under reduced pressure. A yield of about 70% was obtaiB|d 
Mp: 51 °C. MS (m/c): 550 (M-+). UV A/nm (methanol): 35#0i 
— Jt*, diazobenzene), 442 (n — ;r*). IR v/cm'^ (KBr): 1721 
(C=0, acrylate), 1703 (C=0, benzoate), 1632 (C=C), 1601 aat 
1501 (phenyl), 1405 (C=CH2), 1286 and 1252 (C-O carboxyiii 
esters), 1272 and 1199 (C==C). ^H NMR 6/ppm (CDC13, J/Ez) 
8.16 (d, J 8.5, 2H), 7.94 (d, J 9.0, 2H), 7.90 (d, J 8,5, 2H), 
(d, J 9.0, 2H), 6.40 (d, J 17.3, 2H), 6.07-6.17 (m, J 10.4 17.3 
2H), 5.82 (d, J 10.4, 2H), 4.35 (t, J 6.6, 2H), 4.18 (t, J 6.6,iH^ 
4.06 (t, J 6.4, 2H), 1.78-1.89 (m, 4H), 1.68-1.77 (m, 4H), LM- 
1.59 (m,8H), 

Polymerization. A nematic liquid crystal, E7, was^^j 
chased from EM Industries and used in this study. 
eutectic liquid crystal mixture of four cyaiiobiphenyi.^^*^ 
pounds containing an alkyl group. E7 has a cle 





"'^iacromolecules. Vol. 32. No. 10, 1999 

. , 1 Characteristics of the Reacting Mixtures of 
Ta°'* ' Monomer and E7 



1 
2 
3 



£7 I Q ) 



monomer 

(wt%) 



AIBN (wt %) 



azobenzene/ 
cyanobiphenyl 
fmole ratio) 



93.8 
88.1 
78.9 



4.9 
10.7 
19.1 



L3 
1.2 
2.0 



2.6 
6.0 
11.9 



ture T:^\ ^ 58 °C. To prepare E7 stabilized by azobenzene- 
^^^lining polymer network, a mixture was first obtained by 
'^"!olv-ing, in E7, the desired amounts of the monomer as well 
"^"^ihe initiator, azobis(isobutyronitrile) (AIBN). The mLxture 
^ ^ warmed to about 45 °C, which allowed a complete 
r^lolution of the monomer and AIBN in the liquid crystal 
"^^hout initiating the polymerization. Afterward, the polym- 
*^zation proceeded by placing a drop of the E7/monomer 
'^tiure between two CaF2 windows (transparent to LR and 
T\i and heating the whole to 80 °C. After 6 h of polymeriza- 
•jon. the sample was cooled to room temperature. It was foimd 
^it such a thermally induced polymerization of the monomer 
^ to a homogeneous network stabilizing the liquid crystal. 

resulting film lost the fluidity of the mixture before the 
Action and became pasty. Listed in Table 1 are the composi- 
of the three mixtures used for polymerization. They 
^lilted in E7/network samples of different densities of the 
jjobenzene-containing network. Acronyms of E7/monomer-95/ 
j E7/monomer-90/10, and E7/monomer-80/20 are used in the 
paper because the actual concentrations of the monomer in 
•jie mixtures were close to 5, 10, and 20 wt %. For the same 
j^ason, similar acronyms are used for the E7/network samples. 
The approximate mole ratios of the groups of azobenzene (in 
uhe network) to cyanobiphenyl fliquid crystal molecules) are 
jiio indicated in Table 1. All the polymerizations resulted in 
jiin films of a similar thickness of 5—6 pim, which was 
rttimated by measuring the thickness of the two CaF2 windows 
»nth and without the film using a digital micrometer. 

A number of attempts were made to perform photoinduced 
polymerization, but they all failed to produce a homogeneous 
network. The failure was caused by ihe particular monomer 
o-nthesized for this study. The monomer has a strong UV 
j£i6orption centered at 358 nm, which is close to the absorption 
](* the photoinitiator (benzoin methyl ether) near 326 nm. As 
J combined result of the very high extinction coefficients and 
iie large amount of the monomer as compared to the case of 
'he photoinitiator, the latter could not absorb light efficiently 
ind was unable to initiate the polymerization. Using an excess 
unount of the photoinitiator and prolonged reaction times, 
»Iymer networks were eventually obtained, but they were 
:hase separated firom E7 and could not stabilize the hquid 
j>stal. Irradiation of those phase-separated azobenzene net- 
rorks in E7 resulted in no molecular orientation, contrary to 
1 7, network prepared from thermal polymerization. 

Irradiation and Orientation Measurements. Using a 
'y.yO W xenon lamp and a polarizer, films of E7/network were 
Tadiated, at preselected areas, by linearly polarized Hght at 

temperature. The used irradiation wavelength, X = 358 
im. was selected through the use of two monochromators. 
Intensity and width of irradiation were adjusted by using 
liters and two slits; the intensity was about 2 mW/cm^. 
Typically, after a film was irradiated for a certain time, the 
.'radiation was turned off. The film was then installed in the 
^ spectrometer for the dichroism measurements. The same 
'im could be irradiated again at the same area. (The rest of 
film was masked.) Irradiated areas became visibly trans- 
'.^ent, while nonirradiated areas appeared translucent. 
As mentioned above, polarized irradiation should aHgn 
-obenzene groups on the network. This orientation, unfor- 
^ately, coiild not be measured directly from IR dichroism 
^use of the low concentrations of the network (no suitable 
^ bands). UV dichroism could edso not be employed because 
^too strong UV absorption. Instead, IR dichroism could 
monitor any macroscopic orientation of E7 molecules that 
^und the network, which was the main interest of this 
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study. The absorption band of cyano end groups on Uquid 
crystal molecules such as E7, near 2230 cm"\ is often used to 
determine the order parameter S through 

S = (3<cos^ 0) - l)/2 = (7? - mR + 2) 

where 0 is the angle between the long axes of liquid crystal 
molecules and a reference direction, e.g., the UV polarization 
direction; R = A\/Ai, An and A± being the absorbances of the 
2230 cm~^ band with the infrared beam polarized parallel and 
perpendicular, respectively, to the reference direction. S 
measures the average molecular orientation and can have 
values between -0.5 and 1. S = 1 means a perfect orientation 
parallel to the reference direction, while a perfect perpendicu- 
lar orientation gives S = -0.5. S = 0 indicates the absence of 
any macroscopic orientation, which is the case for liquid 
crystals having a polydomain texture. 

Polarized IR spectra were recorded on a Bomem MB- 102 
FTIR spectrometer, with a wire-grid polarizer placed between 
the sample and the DTGS detector. Phase transition temper- 
attires were determined using a Perkin-Elmer DSC-7 ap- 
paratus with a heating rate of 10 ^C/min. Morphologies as well 
as changes Ln birefiingence were examined on a Leitz DMR-P 
polarizing microscope, equipped with an Instec hot stage. 
Other apparatus used for characterizations were a Bruker AC- 
300 NMR spectrometer and a HP 8452A UV-vis spectropho- 
tometer. 

Results and Discussion 

Figure 1 shows a series of photomicrographs taken 
under crossed polarizers at room temperature. Before 
polymerization, the reactive mixture of E7/monomer- 
90/10 displayed a typical schlieren texture, with some 
large defects developed. After 50 min of pol5anerization, 
the morphology of the mixture changed drastically. 
Even though the polymerization was incomplete, more 
defects appeared, and a sort of network could be seen. 
After 5 h of reaction, the polymerization was essentially 
completed. The texture of E7/network looked very much 
like a nematic side-chain liquid crystalline polymer, and 
no phase-separated pol3mier was observed. These results, 
suggest the formation of a homogeneous poljnner net- 
work throughout the sample. As the network structure 
developed with time, the director fields of E7 were 
continuously altered. In the end, defects couJid develop 
with the presence of a disordered polymer network, 
which led to an apparently fine texture. Similar results 
were obtained for other samples. An example of DSC 
results is also given to show the effects of the network 
formation. Figure 2 compares the DSC heating curves 
for pure E7, E7/monomer-80/20, and E7/network-80/20. 
Before the polymerization, Ttn of E7 in the mixture was 
reduced by about 20 °C below Toi of pure E7, and the 
transition peak was much broadened. This radicates an 
extensive mixing and interaction between the two 
compoimds. Ailer the polymerization, without observ- 
able phase separation, Tni of E7 raised to only 4 ''C below 
that of pure E7. Such an effect is characteristic of a 
polymer solubilized in Hquid crystals. 

Indeed, a macroscopic orientation of E7 molecules can 
be induced in areas irradiated by a Hnearly polarized 
UV light. A qualitative analysis of polarized IR spectra 
can reveal interesting features of this orientation. 
Figure 3 shows the two IR spectra for a 6 fim film of 
E7/network-90/10, taken with IR beam polarized paral- 
lel and perpendicular to the UV polarization. The film 
was irradiated for 30 min. The strong perpendicular 
dichroism for the bands at 2227 (CN), 1606 , and 1494 
cm''^ (phenyl) indicates orientation of E7 molecules 
perpendicular to the UV polarization. It is therefore 
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Figure 1. Polarized optical micrographs (250 x ) for E7/monomer-90/10 mixture at room temperature: before polymerization (A), 
50 min after polymerization (B), and 5 h after polymerization (C). >. • 
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Figure 2. DSC heating curves for pure E7 and E7/monomer- 
80/20 mixture before and after polymerizatiofn. 
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Figure 3. Polarized infrared spectra for an E7/network-90^ 
10 film irradiated for 30 min at room temperature. The two 
spectra were recorded with the electric vector of the infrared 
beam parallel (||) and perpendicular (X) to the polarization 
direction-of UV irradiation. 

clear that alignment of azobenzene groups on the 
network alters the director fields of liquid crystal 
molecules and orients them along the same direction. 
Interestingly, this is true not only for the rigid biphenyl 
cores of E7, as probed by the CN and phenyl bands, but 
also for their flexible alkyl groups. Althou^ less 
important, a parallel dichroism^^ can be noticed for the 
CH2 bands at 2856 and 2929 cm"^, which arise mostly 
from the alkyl spacers of E7 molecules because of the 
dominant concentration of E7 in the mixture. On the 
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Figure 4. Order parameter of E7 vs irradiation timev^ 
samples having different azobenzene- polymer network f"^"^ 
ties. 

other hand, the carbonyl bands at around 1723 ^^J^ 
which are only due to the network, show no noticeaU| 
dichroism. This suggests that although azoben^^ 
groups are aligned by the irradiation, the rest 
polymer network remains ess^ixtially disordered;. " 

The macroscopic orientation of E7 resulting from 
irradiation was measured from the CN band for'fl^ 
three E7/network samples. The results are shown,|m 
Figure 4, where the order parameters, which 
calculated with respect to the molecular orientatuffi 
direction, are plotted as a function of irradiation tinii^j. 
The following observations can be made. First, in;j|jQ 
cases, an orientation of E7 is induced after 1-2 rnm^ 
irradiation, but the duration of irradiation does h^^ 
effect on the achieved orientation level, wind) 



an 



increases with time. For irradiation longer than 10 nffij, 
only small improvement of orientation can be obtaine| 
Second, the level of the achievable orientation is sena- 
tive to the concentration of azobenzene groups on the 
polymer network. S increases from --0.07 to --0.28 whec 
the network concentration raises from 5% to 20%. Oe 
one hand, the need of a finite time (in minutes) for Hqaii 
crystal molecules to reach an appreciable orientation i 
understandable. What is measured here is the reactior 
of E7 molecules to the orientation of azobenzene group^ 
The orientation of azobenzene upon irradiation can 1^ 
fast (in seconds in ref 4, for example), but the reactiOT 
of E7 involves changes in the director fields and evoW 
tion of defects, and this can need more time. Actually, 
as compared with surface alignment, the orientati<tf 

m 
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5. Polarized optical micrographs (125 x) for an E7/ 



fijoire -tr , , — 

j^ork-90/10 film after 20 min irradiation at room temper- 
ature I A) and then heated to 53 °C (B). The film was placed 
^fcith the UV polarization 45** to crossed-polarizers. 

development in Figure 4 is fast. On the other hand, the 
effects of network concentration on the orientation of 
E? can be explained by the mole ratio of azobenzene to 
E7 molecules (Table 1). Qualitatively speaking, when 
^ azobenzene group is aligned, liquid crystal molecules 
immediately surrounding this azobenzene should react 
first. Those first reactions activate cooperatively the 
orientation of other liquid crystal molecules more dis- 
tant from the azobenzene unit, but this propagating 
effect should diminish with distance. A higher network 
density means less Uquid crystal molecules to be acti- 
vated per azobenzene group, and the aligning ability 
should be greater. 

The induction of a macroscopic orientation of liquid 
crystal molecules in films of E7/network leads to changes 
m birefringence. An example is given in Figure 5. The 
photomicrographs were taken on an E7/network-90/10 
film irradiated for 20 min. When the film was placed 
with the UV polarization direction making an angle of 
45"* with respect to crossed-polarizers, the irradiated 
zone appeared bright as compared to the rest of the film, 
due to the orientation of E7 molecules. Heating the 
irradiated film, the birefiiingence was retained even at 
53 "C, which was only 1 °C below T^. The lower 
birefringence in the vicinity of phase transition is 
indicative of a reduced macroscopic orientation of E7 
due to thermal fluctuations. Not shown in Figure 5 is 
that when crossed-polarizers were rotated by 45°, the 
contrast was reversed: the irradiated zone became 
slightly darker than the rest of the film. 

Choosing the polarization of UV irradiation can 
control the orientation direction of E7 molecules in the 
Irradiated zone. To illustrate such an orientation con- 
trol, a performed experiment is depicted in Figure 6. A 
tilm of E7/network-90/10 was first irradiated; the ab- 
sorbance of the CN band of the film was measinred with 
a polarized IR beam, as a function of the angle between 
the UV and IR polarization directions. As expected, 
because of the liquid crystal orientation perpendicular 
to the UV polarization, the absorbance has a maximum 
■alue at 90°. A second irradiation was then applied to 
]he same film, rotating the UV polarization by 90°. 
Inder this transversal irradiation, azobenzene groups 

the network should undergo a reorientation of 90° 
^d, as a restilt, reaction of E7 molecules should follow 
^yt, again, take a longer time. Indeed, as can be seen 
Figure 6, after 5 min transversal irradiation, the 
^lacroscopic orientation of E7 disappeared, with the CN 
*^sorbance showing no angular dependence. As the 
^sversal irradiation goes on, reorientation of E7 
5iolecules develops. After 40 min, the CN absorbance 
*ows a minimum value at 90, indicating that the 
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Figure 6. Angular dependence of infrared absorbance of 
cyano groups of E7 for an irradiated E7/network-90/10 film, 
the angle being that between the polarization of the infrared 
beam and the polarization of the first UV irradiation. 
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Figure 7. Order parameter of E7 at room temperature for 
an irradiated E7/network-80/20 film vs time after turning off 
the irradiation. 

orientation of E7 molecules has changed direction by 
90°. 

After the irradiation was turned off, the stability of 
the induced liquid crystal orientation at room temper- 
ature w£is examined. Generally, the orientation decayed 
during the first days following the irradiation, and then 
the relaxation was slowed down and the orientation was 
retained at an almost constant level. An example of the 
measurements made on the E7/network-80/20 is given 
in Figure 7. The order parameter S decreased gradually 
from --0.3 to --0.17 after about 4 days, Then, the 
remaining orientation became stable, showing little 
change with time. What is important to emphasize is 
that this stable liquid crystal orientation can only be 
held by the azobenzene— polymer network. When mix- 
tures of E7/monmer were irradiated before polymeri- 
zation, similar alignment of azobenzene molecules 
should occur, but inmiediately afi^er the irradiation was 
turned off, IR measurements at room temperature 
showed no macroscopic orientation of E7 induced in the 
materials. Therefore, in the absence of a polymer 
network structure, the orientation relaxation of the 
azobenzene monomer must be fast. In the case of the 
E7/network, as the ahgnment of azobenzene groups 
could not be monitored through ER or UV dichroism, we 
do not know whether aligned azobenzene groups on the 
network are relaxed after tiiming off the irradiation. 
But there. are two possibilities that can explain the 
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remaining liquid crystal ori= 
of aligned azobenzene grcr: 
complete, and the retained 
orientation of E7 molecuiirr. 2 



The relaxation 

•IE; :he network is not 
nrx mifotroFpy holds the 
xed azobenzene 

groups relax completely, ris: is -iie relaxation goes 
slowly, oriented liquid crri^ •mixecuies and defects 
have time to evolve. In thr -sicL fias:cLC free energies 
related to macroscopic orir^hT.csi. ire released due to, 
for example, elimination o:' 5^e.jrf. i2H2 the orientation 
becomes stable even witho-i is^ns^i of azobenzene 



groups. 

Investigations were alsc -susiB m tfcermal stability 
of the induced orientation a IT. Whsoi irradiated films 
were heated to temperatures h:»j^ Trxi of E7 and cooled 
back slowly to ambient, a isarriSiiigic orientation was 
recovered, but only partialy. rjrnially- S - 0.07 was 
found following isotropizaiaaL ic U ai 7^ T < 80 'C. 
When films were heated u« T > Si? -C. they showed no 
orientation at all at room ^srrrieirHrare. It seems that 
some alignment of azobenzsie smcipe on the network 
could be preserved for trearrrffns siT < 80^C and that 
the oriented azobenzene cois^ fd2i impose some orien- 
tation to E7 while entering iffn^^nc phase. Actually, 
even if azobenzene alignnsHu: FPrrmrred intact, this 
partial orientation recovery if FT was no surprise 
because of a different alifnT^-jf jufdhanism involved. 
When irradiated at room aiM-nij<*raiufey nematic E7 
molecules respond to the gfjififii^ movement of the 
azobenzene groups, wher^sse -vkssi cooled firom the 
isotropic state, E7 moleccfies imnsi a nematic phase 
under the effects of existing ^F^£^f^ azobenzene gronps. 
As revealed by IR dichroism I'j^nr^SK, the azobenzene 
moieties are aligned upon iiraniHaK^ hm the remainder 
of the network is essentiaDT-iihranifEed. In other words, 
the anisotropy of the networks imizced to rigid azoben- 
zene cores. This oriented nswack s different firom diat 
induced by a mechanical smsacnnss OT" even that result- 
ing firom polymerization in onf??n™ iis^nd crystals.^ This 
explains the limited orienssam: i=cavery of E7 after 
isotropization. 

Conclusion 

The synthesis of a diacrriE2t -rmrmmer containing an 
azobenzene group as its ceinzsL cse^ is shown. Thermal 
pol3mDLerization of the mamnn^ 'fesolved in nematic 
liquid crystal E7 can resuh 3l i l^mo^eneous azoben- 
zene-containing polymer nsisnirx dial stabilizes the 
liquid crystal. When lineaz^y ziiL:E±zed UV irradiation 
is applied on thin films of :3£=e xssteaials, as a result 
of the alignment of azobecssssiH: srsops. a macroscopic 
molecular orientation of ET casL kidnaced perpendicu- 
lar to the UV polarization mmr^sc Tlse Hqaid crystal 
orientation is achieved witiss: xcmi-ses of irradiation at 
room temperature, and £ sisnnacanx degree of the 
induced orientation remaiTF simPff^ turning off the 



irradiation. The orientation level increases with increas. 
ing the pohTner network density. However, the rela- 
tively low liquid crystal orientation could be indicative 
of the absence of a true molecular azobenzene network 
in the samples due to the employed thermal polymer. 
izatioiL The method presented in this paper representa 
a new means to control and manipulate the average 
orientation of liquid crystal molecules in materials such 
as PSLC. Liqtiid crystal molecules can be oriented 
selected areas, and their orientation direction can be 
controned- 
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Abs££a£t 

Synthesis, characterizations, and liquid cr>'stal (LC) 
aligniiia capability of polyimide for the active matrix 
twisted nemaiic (AM-TN) LCD application are 
demonstrated and discussed. The synthesized PI 
materials in this research are featured by: 1) a low curing 
temperature (say, at 180 °C) due to their organic solvent 
soluble property: 2) a useful capability for a good 
unidireclional LC alignment; 3) a useful capability for 
generating a desired pretilt angle: and 4) an excellent 
voltage holding ratio. Discussions on the methods and 
mechanisms of the unidireclional LC orientation, the 
generation of preiili angle, and the voltage holding ratio 
are made. The techniques of dividing each subpixel of a 
multi-color AM-TN-LCD into four parts, in which the 
surface LC directors of the adjacent parts are orthogonally 
directed to each other (called super-multidomain) or 
dividing a subpixel into a few thousands domains (called 
amorphous TN) are shown to be quite useful to improve 
the viewing angle and the gray scale characteristics of TN- 
LCDs. The surface LC alignment in these new 
techniques is also discussed by referring to non-rubbed 
polyimide and UV photo-curable polymer films. 

^ Tnfrnduction 

AM-TN-LCDs are being mass produced as useful 
flat panel display for various information equipments, 
such as computers. TVs and so forth. For manufacturing 
AM-TN-LCD devices, ii is generally necessary to use 
liquid crystal (LC) orientation layers. Standard LC 
orientation layers that are commonly utilized for various 
LCDs are rubbed polyimide (PI) films.[l,2,3,4] The 
present review represents the discussion and 
demonstration of the synthesis, the characterizations, and 
the LC aligning capability of polyimide films for the 
current AM-TN-LCD application. The methods to obtain 
unidirectional orientation of LC molecules, generation of 
pretilt angle, and voltage holding ratio are discussed. The 
mechanisms of these phenomena are also discussed. In a 
previous paper, the author's research group reported that 



Table 1 Requirements for LC alignment films for 
.\M-TN-LCDs application and concrete solutions. 



Required properties 


Concrete Solution> 


CiutMl Alignmcr: - LCs 


• Lmc*J Pi«.>.-:r» 


Thcnnal iuhii:'.- 
t»iihU*ovcr2<K.>'C 
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Hrmuhiliiy 


. High vis:u.«.r. 
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• lninMlu.;i. r vt'. kikyt 4Ik1 nwirinc grwupv 

• OOier ru>;;:".*iion of polymei 


L>» retMhu! DC 



the above-mentioned quartered division of each subpixel 
and amorphous TN are effective to improve the viewing 
anale characteristics of multi-color AM-TN-LCDs. [5.6.") 
Besides the developed rubbed PI. the subject of other new 
polvmers. such as non-rubbed PI and polarized UV light 
irradiated polymers as useful for the multidomain 
technology will also be discussed. 

2 , ffff i fr f ll '•"liii'-gmenh fnr I.C orientation l^Y^rs 

Table 1 summarizes the requirements for LC 
orientation layers mainly for AM-TN-LCD application 
and solutions to related problems. This table was 
tabulated by collecting requirements and answers 
prepared by people who are engaged in this research 
field.l 1,2,3] 

«;vnthe<is of p'flYimHf mafgrials 

A precursor of polyimide can be typicall) 
s> nthesized by reacting an anhydride with a diamine: and 
the synthesized precursor is then polyimidized chemicall> 
or thermally. An organic solvent soluble PI for AM-TN- 
LCD application designated as Opiomer .ALI05I (JSRm^ 
synthesized by reacting TCA AH ^-"'^l 
iricarboxycylopentyl acetic dianhydride) and DDM (4. " 
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^ TCAAN Duir.inc 




0 



Fia.l A reaction scheme of an organic-sohent 
soluble polyiinide 

rn » n ■ 1 




Fig.2 Chemical structure of polyimides 
containing fluorine atoms 

:v;:noaiphenylmeihane) at 60 *C for 12 hours. Then 
rrvVur^or, a synihesizcd polyamic acid, is polymerized 
' 'C for 3 hours in the presence of pyridine and acetic 
'> .iriUc.[ 1.2] An example of the reaction scheme of an 
:.::iic solvent soluble PI and its chemical structure with 
: '.vHis moieties having CF, are shown in Figs. I and 2. 

Various PI materials with different chemical 
•ivUircs have been developed for generating pretilt 

such as the follows: I) Pis having alkyi branch 
■'•'^•iaN.[3.4.8,9J0]: 2) Pis having CF3 moieties with 
•-'d backbones and a zig-7.ag shape after 
*''"^'5:M'.i 1.121: 3) PI having alkyl group in the main 

i3i: The PI of type 1) having alkyl branches was 
"»^ircd to fabricate STN-LCDs that need a high pretilt 



Table 2 Anchoring Energies of various alignment 
Films fur SCB at 30 '^C 



[. Polar Anchoring Energy 
A9> 10"^J/mMsirong = oo) 

Rubbed Polyimiile 
Ae- lO'^^J/m^ (medium) 

Rubbed Polypyrrole, Rubbed Polystyrene 
PI-LB. Memory Effeci of PI. 60* SiO 

Ae<10*^J/m-(weak) 

11. Azimuthal Anchoring Energy 
A9>10'^J/m2 (strong = 00)' 

Rubbed Polyimide 
A^> 10'^J/m2 (medium) 

PMB.60''SiO 

A*>10'^J/m'(weak) 



angle from 5 degrees up to 27 degrees.[9,10] In this 
report our discussion concentrates mainly on the 2nd type 
(helical Pis with CFp which is useful for manufacturing 
color AM-TN-LCDs.[ 1,2.3] 

4. Preparation of orientation films 
Th'j PI LC orientation layers are coated on ITO- 
deposiied substrate plates and then cured. 
Conventionally, the cured PI films are mechanically 
rubbed to obtain a unidirectional LC alignment.[l,2,3»4] 

5. Characterizations of the aligned phase of nematic 
liqtiid crystals 

5.1 Texture 

The aligned phase of a NLC medium in a TN-LCD 
can be evaluated and characterized by observing its 
texture with naked eye or with a microscope. A 
polarizing microscope is also useful to observe the 
conoscopic patterns. 

5.2 Image quality 

The values, such as luminance contrast ratios and 
their contours (viewing angle), uniformity, gray scale 
capability, flickering, image sticking, crosstalk that 
deiemiine the image quality of LCDs, more or less depend 
on the surface LC Alignment. The defects appearing in 
an improperly fabricated TN-LCD are reverse lilt and 
reverse twist disclinations. A defect free TN-LCDs can 
be fabricated I) by giving appropriate pretilt angles and 
their senses; 2) by twist below 90 degrees (say, 87 
degrees); and 3) by doping a chiral agent.[l4J5] The 
existence of the appropriate surface pretilt angles removes 
the creation of the reverse lilt disclinaiion, and the 
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mcihods 2) and 3) are effective to remove the reverse twist 
disclinations.[I4,l5] 
5.3 A prl^nrinp energy 

The anchoring energies for polar and azimuthal 
deformations are important parameters for designing and 
characterizing TN-LCDs. The measured values for an 
ncmatic LC of 5CB obtained by our group are shown in 
Table 2.(3.4] It is shown that the anchoring energies for 
TN-LCDs prepared by using rubbed PI films are very 
strong. 

5 F''-^"-'-"^ r"^ rharacteri «if< dielectrir nroperties. and 
cwiirhinp current 

The EO characteristics and the electric field 
dependence of dielectric properties of the aligned phase of 
LCs renect the surface alignment.[3] The appearance of 
a hysteresis in a capacitance versus applied DC voltages is 
originated from the existence of a surface electric charge 
bilayer that degrade the voltage holding ratio. The 
observation of switching current for pulsed waveform is 
also useful to investigate the surface charge 
accumulation.[l,2] 

5.5 \nnlinearoptir'; nf ihe si 'rfarp alioned phase 

The measurement of the second harmonic generation 
from the LC molecules adsorbed at polymer surfaces is 
useful to understand the surface alignmpnt.[16.17,l81 
s A 1?p<:iHiial surface nrrtering of LC 

In the case where the substrate surface has a 
unidirectional LC aligning capability, there exist a thin 
laver of aliened LC layer even at above the clearing 
point.[l9] A typical example is rubbed PI. This is a way 
to evaluate the surface order parameter. The application 
of this technique to PI films is now underway and the 
results will be published elsewhere. 

^ , rharat-ter j^atinns of »rj^ntatinn Tilms 
To characterize the properties and the characteristics 
of the LC orientation films, which give a great influence 
on the performance of various LCDs, the following 
characterizations are made by observing or measuring: I) 
surface morphology or topography w ith an AFM or an 
EM: 2) birefringence (anisotropy in refractive index); 3) 
anisotropy in the UV absorption spectrum; 4) surface 
energy (polar, non polar), and wetting properties; 5) NMR 
to evaluate the degree of the polyimidation; 6) electrical 
conductivity; 7) dielectric constant: 8) thickness: 9) 
atomic composition by ESCA; 10 1 anisotropic infrared 
spectra: and so forth. [3.4] 

7 v^y^| .f ,.^j^m.; of uni '<i--*'>'^jnnal LC alipnment on 
pft|% mpr surfaces 

The physical properties of an alignment polymer 



Table 3 Ttie relation between the nature of 
alignment Hlms and direction of unidirectionally 
aligned LC molecules. 



Direciion of Direciion of Direction 
Grooves Slow Anis of SLC 



C'Dippiiir^ 
Direction y 



Weak Ruttbing 



I 

{Dipping ) j 
\ Direciion/ 



Examples Rerercnce> 



Rubbed PI 3.4JI 

As stacked 3,2I.;2.« 
PI-LB 



Micro 3.27J8 
Grooves 



PS 3.4 
PS 31.3: 
PF 30 



Ugend : PS : polysiylene. PF : polyfumarate 

surface become anisotropic by the following treatments or 
work: stretching;[20] mechanical rubbing;[3.4.: 1 ! 
Langmuir-Blodgett film deposition:[22.23] polarized l\ 
light irradiation of a photopolymer;[24.25.261 
microgroove formation; [27 .28] and so forth. 

We have investigated the LC alignment capability of 
not only rubbed Pis but also other polymers. The results 
are summarized in Table 3. Regarding the LC alignment, 
which clarified through our research are as follows: 1 ) Just 
the surface of the substrate molecular layer plays a role in 
orienting LC molecules (examples are PI-LB film and 
polyfumaraie).[3,29,30] 2) When the grooves and the 
optical slow axis (or principal axis for UV absorption, 
coincide, both factors will play a role in orienting LC 
molecules to be parallel to these two directions (an 
example is rubbed Pl).[3.21 ,23] 3) But when the optical 
axis is perpendicular to the grooves, then there occur> a 
competition between the two forces and the LC moleculc> 
eventually align parallel to opucal axis for a stron? 
rubbing (an example is rubbed pol.- styrene).[31,32] -»» In 
the case where the backbone of a polymer is covered b> a 
thick alkylchains. the surface alkyl chains play a role m 
orienting LC molecule parallel to these main chains, e^cn 
though the backbone has an optical axis perpendicular to 
ihc backbone direction (an example is polyfumarate).!-^ ■ 
5) The grooves formed on an optically isotropic materia- 
surface are capable of aligning LC molecules paralleM'^ 
the grooves.[27,28] 6) LC molecules oriented parallel 
the optical slow axis generated on the surface ol i^"- 
polarized UV irradiated polyvinylcinnamate films or ><• 
doped polvvinyl alcohol films.[24.25.26] In these ca>.r> 
the optical slow axis is perpendicular to the polarization 
the UV light. 7) Once an ensemble of LC droplet o 
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fkfircRuliliinc 



After Ruui'iru 



polymer film in icrms of ihc birefringence, which arc 
being used commonly, is done for reasons of convenience. 
In addition, il is generally not so easy to observe a very 
line anisotropic topography induced by the polari/xd UV 
irradiation: This kind of observation i< now underway. 

K Hpneratinn mechanism of s urface oretilt anale 
There is a so-called conical solution in the LC 
conformation in the free surface of NLCs or in a NLC 
aligned ton a very nonpolar subslrale.[3*?.-^0] However, it 
is not so easy to control the prclilt angle based on these 
theories. It is necessary to design and control the pretilt 
angle in the manufacturing of practical LCDs. [3] 

According to research works including the authors 
group, il may be claimed that the surface preiilt angle can 
be generated by forming micro.scopic and asymmetric 
triangle structures fomicd on a substrate, w here the size ol 
these" triangles are comparable lo that of LC molecular 
length, and the sieric interaction between LC molecules. 
These microscopic asymmetric triangles may play a role 
in determining the surface pretilt angle of the LC 
niolecular conformation: the examples and evidences of 
this models are 1) obliquely evaporated SiO film, 2) 
rubbed PI having alkyl branches,[3.8.9.l0] 3) rubbed PI 



Fig.3 Schematic illustrations fo** explaining pretilt angle 
formation on various alignment films: uj blanchlcs.s, (b) 
alkyl-blanched (low den.sily). and (c) alkxl-blanched (high 
densttv) polyimides. 

aligned LC medium, which has a Unite LC order, contact 
with homogeneous (non rubbed) polymer surface (or on 
inorganic surface) then the LC molecules arc immobilized . 
and adhered. Examples are magnetically [33] or 
electrically [34] oriented LC or chiral NLC.[5,35] There 
occurs a Unite LC ordering on these surfaces even above 
the clearing point of the .NLC. Regarding models of the 
mechanism of unidirectional LC alignment on 
topographically and/or optically anisotropic substrates, 
several theories have been proposed: 1) groove theory [36] 
and 2) anisotropic VDW force.[371 According lo the 
observations listed on Table 3. it may be claimed that both 
mechanisms work simultaneously or separately depending 
on the nature of surfaces: in the case where no grooves 
exist (e.g. LB films or hard PI), the anisotropic VDW 
force may play a major role in orienting LC molecules. 
Mere, it is worthy to note that the anisotropic UV 
iibsorpiions of both the substrate and ihe LC medium may 
be the major origin of the anisotropic VDW force. [37,381 
For ihi.s rca.son, the characterization of an orientation 
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Fig.4 The role of the molecular shape of diamines in 
delermininR the surface molecular undulations. The 
planar diamine contributes to increase the undulation 
(Fig.4(a)) rather than the bulky diamine ( Fig.4(b)), The 
|M(a) in capable of generating a higher preiilt angle 
about 2.5° than Pllb). 
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..„,ing helical backbone wilh CF,nioiciies, [1 1.12] 4) PI- 
LB fihiis Willi modined PI molecules. 5) microscopically 
fabricated irianglcs.l27.28] The application of an 
inhomogcncous electric field is also cffcciivc lo form a 
lilted bulk LC conformation. 

shows a model of llie generation of surface 
prctilt angles in the case of 2) and 3). In particular, the type 
is useful for AM-TN-LCDs and an illustrative model is 
shown in Fio.4: In this case the helices tend to form 
asymmetric uiangics by rubbing. The shape of diamine 
determines the whole shape of the rubbed Pis. 
Concretelv. plane diamine makes a larger contribution to 
increase the undulation of the PI (Fig.4(a)) than bulky 
diamine (Fisz.4ib)). Actually, the fomier PI is capable of 
generating the pretilt angle of 3 degrees, while the latter is 

about I degree. 

The dependence of the achieved prctilt angle on ihc 
chemical siruclures of Pis. which arc useful for AM-TN- 
LCDs. is shown in Figs.5 and 6. 

Generally, ihe prctilt angle decrease with increasing 




0 U M M >"> 

Mole rrwiluil of nuorliK tmiulnllit UUmiiie (») 

|-i(>.5 Ittlallon between mole fraction of nuorine atoms 
containing diamines and pretilt angles of LC on 
pol.viniidc nim-s. 
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Fig.6 Chemical structures of polyimudes. 
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Flg.7 Voltage liolding ratios of LC cells using 
solvent-soluble polyimides 

icmperature.[4l.42] In projection display, the 
temperature of the LCD panel increases due lo 
illumination; this causes the decrease of pretilt angle and 
creates disclinations. For this reason, it is necessary lo 
oivc a high prctilt angle for projection use. However, in 
some cases a planar LC conformation tends to be 
homcolropic near the clearing poini.t431 Regarding the 
LC material dependence of the pretilt angle, the pretilt 
angle depends on the dielectric constant (especially its 
perpendicular part) or birefringence of LC 
malcrials.[44.45] But these phenomenon strongly 
depends on the combination of the LC and substrate 
materials in a complicated way. 

o v»|t^gp ^i^^^ljng ratio 
It is well knoNv n that the nuorinated NLCs show good 
voltage holding ratio, when they are used together with a 
special polyimide that is featured by nonpolanty.[1.46 
The dependence of the voltage holding ratio on the PI 
materials is shown in Fig.7. The Pis such as PI-1 and 
that contains -CH,- or -O- group show a good voltage 
holding capabiliiv'. Is is shown that the nonpolar PI 
materials do not capture ions that form a depolarization 
field. It is claimed that the formation of the 
depolarization field may cause the degradation of the 
voltage holding ratio. 

»f AM.! rn in te' -'"«T "f ■surface alipnmcnt 
A conventional TN-LCD. which is fabricated using 
conventional rubbing technique exhibits a nonuniform 
viewing angle characleristidS] Therefore there is a 
strong demand for the improvement of the viewing angle 
characteristics. This improvement can be achieved by 
dividing each subpixel of a multi-color TN-LCD into two. 
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Flg^ Iso-contrast curves for variour display modes 

four, all the way up to several thousand parts.[5,6,7] The 
latter case is called the amorphous TN-LCD.[5.6.7) 
Accordina to Sugiyama et al., the best way is to divide 
each subpixel into four parts [6]; this technology is called 
the quartered subpixel or super-multidomain.[7] Fig.8 
compares the iso-contrasi ratio curves of the conventional, 
amorphous (a), and the quartered (SMD) TN-LCDs. The 
second and third ones show uniform viewing angle 
characteristics as much belter than the conventional TN- 
LCD. A SMD-TN cell was fabricated by using polarized 
UV light irradiated poly vinylcinnamate with one mask.[7] 
The new techniques called the polymer stabilized a- 
and SMD-TN-LCDs are useful to immobilize and freeze 
the reverse tilt disclinations. In this case, NLC is doped 
with a photo-diacrylic-polymer to give a bulk tilt angle 
even though no surface pretilt exists.[471 The 
experimental result of the viewing angle characteristic for 
a polymer-stabilized a-TN-LCDs is shown in Fig.9. 
From this result, it is clear that the homogeneous viewing 
angle characteristic is also obtained using this display 
mode. 

1irmlH'"g remarks 
The required characteristics for the polyimide LC 
alignment films in AM-LCD application, such as low 
temperature process (say. 180 »C) and the generation of 
pretilt angle, are empirically realized. However, in order 
to improve the viewing angle characteristics of multi-color 



Fig.9 An ISO-contrast curve of a polymer- 
stabilized a-TN-LCD 



AM-LCDs it is necessary to develop a new technique for 
quartered subpixel (super-multidomain) by synthesizing 
new materials and developing new manufacturing 
processes. This research is now under way. and the 
results will be published elsewhere. 

^ppynHix Notes 

Regarding the measuring methods of polar and 
azimuthal anchoring energies of planar nematic LC media, 
please refer to the references 48 and 49. respectively. 
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M.Yoshida of Tokyo University of A&T; H.Hasebe and 
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•T-jS^Sriai«i)^-&SXm. (d) <£^^»fBi>56a(R) Ufc 

•r^TM. (e) ^fi^ttm%?rtt^*B^>il$*-C. 
S5^?-^^»:M?KB^BSSrf^®i1-2>xe, (f) 
^^«S!«SJHC. ±IS (c) T?ffiV>fc«(«03tK*fb-C 

mv.^mW}:^\^^^-r?>u\k^imffiLXs v&i^'Fm^a 

SriB[^i)$-&5XSSr-&;^> ±IS (a) ~ (f) OXSSr 
[0015] ( a ) ^ 2 »bi4«jt&* 

SrS«±»::J6*1-5xa. (b) mM^im^m\cm\^ 
IBl^S-Br. K^^^5^t!cMffiSlSrf^ii!-rSxe. (c) 

^M^m0.m^mi-r^xB. id) mm^\m 

5^^JSSSriBl«0 $-a:ri8i4^^-^i!»SSrf^S!!1-5 XS 

^^i^f, ±fE (a) ~ (d) (DjLmm^m'o&-r:it 
^^mt-r^. mm(^\>^'^x-m^mmMmz.mtir?> 

[0 0 16] 
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'0. m^m<Dm^M^^Mi)m^^fiio tit. i^— »^' 

Sr*1-5iii^>^5^aM»[^^^«sf^S4*ti'5 (El 4 

a) , 

[0 0 171 :i(DW)^^^m^m^m^<^o:>^^^i&& 
(114 a) -m\cm\^vtctK^^m^i-^::tK 

«ll^fi. S'>"^;>«-h^<b-g-i^©»^tt. 2 50 

nm~3 5 0 nm(D)tSrfflV>5r i:*5-T?#5o iil^3tro 

[0 01 8] %2mit^w^^t-rzMi^'f-it^ 
[0 0 19] :^^m<o f[>^n-cmmthKmifrm*^ 

)£ (05) i, l:-g-ffi5^ltti:3t2S^bSrl^i^JijSi$ 
JE-ttS-IIOS-r** (HO) ;e5fc5, 

[0 0 2 01 mmc. m-^^^mtit2mitim^B:: 

tt, m5K^iri:^\z. (a) 3t2l:{ktt«]i«r*-t-5 

Srf^ia-r5>XS. (c) ^K5J^:^t5:M»^Jll-ffil^5t 
^fiSltUr. 3fc2l:^t:tt«itS:*-rSi^5^^^t-&i^{-3t 

sriBiRis-ersxs, (d) vt^^m&i)^m^\^itm^^ 

*1-5XS. (e) ^m'^ifa^'Kn::*-^*ili;?.T, 

(f) K»5^^5^»S?SfB^»-> (c) -CffiV^fcffllfilJt 
i:(4Sii:/£Siij*ie)Sr*1-5ffil6]3t?rMWb-C. ^21: 

te^^^jS^SrSBlSj^-arSXSA^fj/j:"?. (a) ~ 
(f) <oiM^m»^'om'Z.t\^i.'0. 1215 (g) »c 



•r 5 i f: J; 9 M^tB^MSISriSr r t U 
[0 0 2 1] jSiclJ:. fi-a-tai>iti:3t2l:{liSrl^^lier 

tt. meci^-ripiCv (a) %2mmmik^^-f^ 
«±ic^i:fci-sxs, (b) ^■&'^>mma\cm^%i: 

MItbT, m-^«5>Bti:3t2»<l;tt«igSr^-r5«-g-tt 

ufciii^^^5^«fflisssrf^ja-r5xs. (c) la^j-^^fS 

»fig!fe)SrStg±lc^>fli-r?)Xe. (d) B^fi-g^4mfifeife 

(c, (b) ■effl^^fc^il^*i:ttSE'^e««*(p)&^i-s 

mm^^'^m-^:Lmi>^hfii'o . (a) ~ (a) ©xs 

^mt/^mmt^tKi.^. 06 (e) </3J;5* rrt*i5 
r t Id J; t) fi^ti^ilSrier S-frSr t U 

[0 0 2 21 *:%9^(;i*>V>TfflV^f>nSfi-g-1Ka^!fe 

/WTt? K> 2-p-Te? K'<>'>''f y'WT'ci f /PT^' y u — 
h . 2 -p-Ti^ K'<'^i/^yV7'n f yvp* ^ y h , 
S/i/-^-$;WT^' y l^- y I — 

?>^ti)^X'^?>, ^fhb<D'pX'h. ixy^5/wr^' y u 

fc, r5t2gft141f3i«r*1-'5a^<k-g-*J f4> ^tt 
[0 0 2 31 ilSi^^a^i^'Pt"&*tb5<S;$^^^ 
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[0 0 2 4] *5liqici3V^-Cftffl^?ix5fi-g^tt«a 
hy/w. ig^l^tf:=^/K fift:tr:=^yx:x, ■:f^ 

[0 0 2 5] *^PjOfi^ffiffl^«t. fi^tt 

[0 0 2 6] i^. im'^(o%'f^=i'^mkmBn=^<o'r^^ 

cDmilte^^6?iS-t/Hc#$*nfc«3t;65»*UV\ mil 
tRtUTIi:. Affile I TOSrlfeLfc;</^;^S« 

>'^/^-i^> NES A;^f7:^S4K^<^SM 

[0 0 2 7] 

[fpffll *:5SW(^3t2j[<l:14«3gSr*f SiS55^i^{t:^#) 

««)lc32{t:1-SSS3£^*'rSii54^^5>«iKfi^i='(ct5 
V^T. *2l:fttt«3gSr«--rSiS5^^<t;'g^^l-<iI^3td5 
BSW^ttS^s *2»^t:tt«:g^*'rSig5>^^b'&*cO 

^p]^cSSv^siIR^*i-s* 2 *{k:tt«ig/55^^.t < 

L. ]Ri«5>^^>m?K*^i=-*«^iti5^i^^53t2S^k-rSo 

-tLT. rco)t2 4^t:f*^>^(?5«5tmk«r#5:^»^ 

S(7);^fR]--BEfR]t*SJ:5{-<j;S (03) o ^rOjSft. ^ 



T*®4ff^;&5ja^6«nc^jt;-rs««3t**i-si«5>?'5^«fc 

[0 0 2 8] 

P^i-So 

2»<b1±«3t^*'rsS^tt{b^fe^br. v'>-^^^ 
n i^mi^fto -g-^ 

n iJ'i^^yi/— )>0.08g. fi-o^tt 

h (B^ikKa^) 0. 6 7 g. m^mt'^^(^A^^ 

i&^Jt urn— X-<y;!tf;v (B^fbllttiS!) 3.5mg 
tN-7:i::=^/^^y^>:/ (fP)tffi«tt«) 0. 0 1 

u^e5^^?sf0E7 (p^yv^a^) 0. 2 g^^i-a^uT. 
mmmm (ito ii^^^mmi:nmmr)^t>^tc 

-^yu(10j[im) rtlCiaAUycio 4 8 8 n A r 
e>ir/w*BlcRgMLfco rjxib2 3t*:f^"fe-^i^f^-CTi^)t 

[0 0 2 9] ^Jg^J 2 

i^^j^yi/— h (^y -y'-r^>:^ii:$i) o.osg.fi^ 

mt'^^t \.X^^^i^:^-/l^i^T^ V V- V 

mWi) 0. 0 5 g. fi^tt{l::^fe<7)S^ii*&^J^ ur 

t;ffi^^?SSE 7 (T^/Wi^^ffiK) 0. 5 gSrJ^-g^U. fi 

(ITO) {^tHF^Sffi±{-^«b. i^ff^^Stt-^^tM 
tUfc<i[p]5g^«l^6 0^^P^figltU fi'g'*g5>8it3t2 

[0 0 30] !l 3 

2»ft:14«ig^*-rSfi^Wli'&ife^ \.X'iyy'y^)\^:^ 
tt^k-g^ifel^ \^X^^^i^:t—/^i^T^ y l^— K0*{t: 

«tt)K) 0. 0 5 g. m^\tit^^(Dm'^miimt ur 
ry^-f y:/^p^by/^ (fp*^*aM) i.5mgs 

Xfi&^'f-^^BE 7 0. 5 gSr^l-g^U. a 

(ITO) ##:H^S«-t(-^«L. 7 Ot:c»;t-y'V 

0)^x2 4mmRjt^^^xM^^^mmmMimii^$ii' 

feffilRl«^t«IS:6 O^y-Pplfl^l+U. 3t2g{l^^tTofCo ^Sfc 
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[0 0 3 1] mmm4 

^i^]}u-h (^sV^^^>':!^^) 0.0 5g,fi-g- 

mttfi) 0 . 0 5 g , fi-g^i^k^ifeiofi-e-MM^Rl fc VX 

mi5^^«?flE7 (^/w^'ttisi) 0. 5 g^rii-g-L. a 
(I TO) ##;53is«±(c^fliu. jSffiTK^ff^jtJS 

[0 0 3 21 w^T?. ±|S^16«i!|l~4tCOV>TfBWt 

ffi5^gfSrtT-3itm. 3t2Sfttrm\ \Ht!>xm^^f>i^ 

m 1 R^mowmf^^ 



(0 0 3 31 1 

[0 0 3 41 H:i5{t?!l2 
[0 0 3 5] tttSf!l3 

[0 0 3 61 H:e^J4 

[0 0 3 71 Pimm 1 (sit*<^ff«) 

3, 4RtJ5JttSSt^Jl, 3. 4{C*^^^■C^^5gt 

^^}i-f'~^iyV^^^^1t0-2@^^fk. efeJtJS 

ffioaStU-C. Slt^3 0%£JlTSrX, 3 0%~5 0 
%SrA, 5 0%~7 0%^O. 7 0%£iL±Sr©iUfc, 

1 S*Sr« 1 

[0 0 3 81 
[«ll 



mmmi mmms m 








72 78 


88 48 


42 


40 


ffFffi @ @ 
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A 



[0 0 3 9] mit^b^^b:f)^X-h^Xv\^. HMfd 1 . 
[0 0 4 0] m« 2 (gBf^1#ttC0|¥«) 



(EfR]1#tt(^fF«)iS*) BE^^i]#^4<^fFffi*S««^la Sleigh 
•r, disco (A) t (B) f^. •^tim*JSf'l2^]tfe 

U EI8 (B) X\t. 3t^Wm*•^±}6S>iv^;li:;^|5jl^So 
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10 0 4 1] 

(a) [■x'm.^m\i<oim^. (b) «:mffiBiaD©<ftffi 

(a) \tMmmm<r>im-&. (b) ttincBispw^^fi 

5. (a) iimjE^SliDW^ffiSr, (b) tt«)ER3JD» 

(b) l*(ilRl3tflSltX@Sr5*-r. 

[0 51 2ic^w<o. fy^xm^^i>^nmmcmt-ti>m 

Sr^-f-m-C&S. (a) ~ (f) K«-ieS:^U 



111 



Sr^-t-ig-efes, (a) ~ (d) ri'frlSSr^U 

[0 71 Sit^Wffi»-fflv^fc3t^mroESS:^-t-0-^& 
■5. 

(B) (±jt«j0!i 2 <?3^*^*-r. 

I^^^rolftMl 
1 A«3t 
2 

3 m§kw$. 

4 i«i5^^®«c 
5 

6 ma 

7 iSiS 
8 

9 ^^^^ 

10 

1 1 V— !f-T»3tR5jt 

12 

13 V 1^:^—9 — 

1 4 e^jtas 

15 wrn^ 



[021 



141 




(b) 
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(54) mmom] m^'mmm^»i'(D9m^m 

(57) [gii!5Jl 
5. 

-«l;iia(Rl ^ -frfc^^ffi-C^ fllB^i^^fS 2 0 1 

(jt/2) sin0 t [jc/ (7C + 2) ] (sin« + 
COS0) t?Sr«fc1-*#-C)t«rRa*tL, BfIiail5^H-tti|Sf 



I 1 tJ I I 




^^^^^ T-r rs. r r^^ ^2ib ast^i^^^ 
/ / / / ^Vi4 as 
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X> (7c/2) sin0 
Sr?i!i|fcU 

ic> (x - COS*) / (sin<('-2x/«) 

X> in/ (t+2) ] ( sin0+ cos</)) 
K< (x - COS0) / (sin0 — 2x/7t) 

X^ in/2) sin* 

xS [Jt/ (3t+2) ] (sin0+ COS0) 



^xm^/^^^^'^B'tm^-r^ r t i:<i^mt-r^M 

W*3S 1-3 (D\i^TM^ 1 o(c|B«Wii55>^ ^J'tfcMJSfi 

[0 0 0 1] 
[0 0 0 2] 

x\>^^Th!m'^sTnmom^m^Kit-<x0mcm^ 

2Sr#<^tw->-yv-*^5^^br»-a-U -©P^ 
S« 1 , 2 Iflic. «*/ia5^>^«^R6 Sr8a:»tfc«Bfct 

[0003] ±^miB/-0i^'Fm-^m e\t. mn 1-^ 
[0 0 0 4] wOii5^^i^^^»M?«B%^^f±^ ±w.m^B/ 

iO'?K#B8(D3tfi:£L^ffl(-<t?)mSL$ix5i:i:tlc, * 
[00051 ilS^l, 2©«ffi3, 4Mtrmffi 

^^rn-r^t, ^(Dmm^i:oxm^i/^'=i-8 &iiit.±<o 

«^)iS6-CW3t»a<^fflS:«tA/ifg»t5Ci:;fe<, * 
fcrfett^W- J; •SKflxt IJ t A/ ifSit 5 w t < fi^ 
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[0 0 0 61 iOfc*^ ±IBli55^T-5>«S!«?fi^^ttx 
[0 0 0 7] ±l2ffi^^^^^«S?SfB^^«. -« 

[0 0 0 81 ±IEK4^^»1RSJSSlg^»*^ - 

[0 0 0 91 2m<om^MmK% 

[0 0 101 rofefe, {fctfeiSi^J'^Wl? 
[0011] 

[|ge^>65<»j3tL.J;5 ti-^>^M] i:::6t?. ±iaS4^^ 

fiS L-T^fi-a-r 5 J: 5 tcflS<t5tl:«rjlA/-etT?i 5 :i i: *5 
[0 0 12] ?je3feo;S5>^^^ScSfeEfB^i^<^S! 

[0 0 13] r<7?fc*b. iS^SJS'-roMMitfl: 



[0 0 14] x.(r>^Wi\i.. iS^^{R-wM3t^^^J; 
fi&#< -r 5 r t < ^|!f Ji^i!cSLtt& tjoffift/iiS^J- 
[0 0 151 

S/K^^ S^KSrJ^^ S r t SriRfm 1 1" 5 1 © -^fe 

[00161 [*# 1 ] ms.-^'^m<<r^%'^^^-)3^ 

X> (7t/2) sin* 
K > (x- COS*) / ( sin* -2 z/w) 
[0017] 2 ] BtlfBr-fettSfeiiSfW^^iF^fttt:^!^ 

x> [it/ (7t + 2) ] ( sin*+ cos*) 
(c< (x- COS*) / ( sin*-2x/»t) 
[0018] 3 ] fllS-'fett?fei|sF<05^^tt*l^ 

(7c/2) sin* 
xS [rt/ (n: + 2) ] ( sin*+ cos*) 

[0 0 1 91 /iji, iflEa-a-tsffii-fiaiti-sittt, MS 

(OO^HXtttcM UT IJ ffSiS'fe:^!^*^ Alt ^ S <0 ;!i5a 
*L.v>, ±ei. 2, 3(^^#tt, v^Ttx-fc, - 
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(00 20] 

ffi-eWEffi-g-^fc. ffi^SSr^Ut:. ±E1, 2, 3 

[00 2 1] rrofc*, r(7)^BJciSi5i*-feli:J:n.tfx 

[0 0 2 2] 

[0 0 2 3] *^ffl<^SBJSffil3, 14Sr^(t 
(0'J^(i:^7^S«) 11, 12©ll 

[0 0 2 4] rcoiaip]«!!ai*> ■p|J;t^^^ s«ii. 12 

±lcsH K^d»e'fe5*¥ia(p)M[l 4, 1 5«rJi0fig 
5. JSis. ±S*R1 IfiOrosaiPl^l 4 t. TS«l 2tJ 

[0 0 2 5] JJtfc, ±IBElRl«yltrlfibfc-*r©««l 

1. i2^^(ommwMm^^^^\cn\^^^xmm.u 

r<^ilStgll, 2ro^1-jlikgPSrlll^t^<CV^->-/i'WSr 
:ft-UT«^L.r?SfB»^-«:iiiaiz:TS. fits, rroisa^ 

■cTS« 1 2 m(DmM 1 4 (43fe3c«ffi, ±stR innro 

[00 2 6] J!>CSC> ±1BWS«1 1 , 1 2lHOttlS->- 

i«^^^^«-iisfti:fett^i|si-*^tfjss2 1 t<om.^mm2 

OSrX^aA&lcj;»)*«U-t. S«ll, 1 2W\m 
[0 0 2 7] )it5, fllEI^^ 2 1 lC(4«!lJxtf^aS:&tt 

[0 0 2 81 r o p sror-fe^iisftt, ^:<O^J-7-<OStt 



[0 0 2 9] /<c*5. iiErfettffeJisfri. -^met^Pi^n 

(■5rm3t«c <^ & a ft ^ )t 5r K IX 1- 5 it^tt * c 

[0 0 3 0] ±ia?B^^ffi2 0SrPiS«l 1, 12W1!: 
^)5«•f5t^ :i<Dtg'^W-^2 0'P<om&2 1(Om^ii^^ 

2 1 aiii:Xf-'&^^n<D^^2 1 bA5. ilS«i i, 
1 2©@ai$]^i 5, 1 6icjg$nTv>5iaiP)*a:a(cj; 
9. ian;::^i^U:tJ;5i::, Sfil 1, i2S(BaiR)Ki 

[00 3 1] 11, 12 lBJ©«a-&^?S 

2 0tc, if!l;t«±S«l l®^BW^e>. 

[0 0 3 2] r;®J;5{;i. ±fEii^^*S2 ojc^tSr^W 

-t-5 i , 2 0 (T^^^i-um^^m^ ± 0 fi^Kis 

U iSfB2 l/JS-fettSteiPFt tti(c*i^>SIL.T, 
[0 0 3 3] gl2(i±IE<Di5l-U-CS{ig$nfcit53>i^ 

y ^— ft; 2 3 (D^'mmuK^ -^^m 

[0 0 34] r.(Dm^am^<Dmmmi 1, 12iC 

^-ar-Cm-g-R 2 2 1 , Hi^^m 2 3 

gPICn-fett^ilEf^^tf 2 1 C iZi* 6 Jv5 
El^l^l 5, 1 BtcliLfcgaiRjMStJiJ;^^!^)^©];^:*^ 
2 1 lwR«)S< * 9 . m^ii^^ 2 1 a is J:U!Sfei|Sk» 
^2 1 b!)5|12<Oj;5''<f7y^^^'igaip)t^^li:''<cSo 
[0 0 3 5]7tfc'U ±E«^^2 2lcj*. ffiS2 1d5 
gaiPl^lS, 1 6{C^L-CV^5gi5^J-%fo2>fci(). *©SI5 

5^-C«:> Ei6]Bli 5, 1 6±(r>m^^'f-2 1 ai3J:t;afe 

5 , 16 t (7)#B#afi{C-et •Sfc'tfCfc 9 . ffi'^m2 2 
^^!(i:■eI-^^ri, ■€-rolii:/uif««Wc*3V''T?KA^)-^2 

1 anix^Ukn^i-2 1 hii7i^yj>>f£mfi^W:\ct£ 

5. 

[0 0 3 6] 01l::S^Lfcffl3t1Sl 71*. ±gEfl5 

4J'^5J»:a<SS^?-wSajg(cioV^-cfI^^fS2 0 cjfeSr 

[0 0 3 7] ±i^&i^^^^mmm^m^<o$iT^\c 
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M*fR] (!g-§-^?fle2 0(7>®t'»brif»SllK''i:^iR]) *^ 
[00 3 8] ^ ur , ±ES^^M 2 0 <Dm^(r>^<om 

X> (jc/2) sin0 

K> (x- cos*) / ( sin«-2x/«) 
[0 0 3 9] [*(+2] ±|2n-fett^!|Sfrogtt*r(^Ott 

X>[7t/(jr + 2)] ( sin0+ cos*) 
K< (.X— COS*) / ( sin« — 2x/'jt) 

[0 0 40] 3 ] ±iB--fett^!isf<o@tt:^it)©i«i 

(7t/2) sin* 

[jt/ (w + 2) ] ( sin0+ cos*) 
[004 1] H 3 (C^ UyS: i 5 1-^ 2 1 

bog$i:^iPi®iRttLp (1, ^>^gwo(c*fur^^^ 

*{C-f nr*3 9 . ^J^^- 2 1 b ttSaiS]^ 15, 1 6 (0 

^!|s|^tF2 1 bfiOftttOi:SW:^lRlTOttLp t 
[0 0 4 2] ±IBS'g'^JK2 0(CfiSWi-53fett. 

i|5|-^J'^2 1 b(0^/^^:ftf4ffi</^$v^fc^^>^ Mlt^ttt. 
£«i 1, 1 2ffiic*fU-cfsiSSii:?'<c:^iR)d^6AW$-& 

[0 0 4 3] )tf;:J:'9fi-&S:f£;-f SIS^J-^ 

«!|sf i: --fett^ilsf&^tPfSS t cD?i^^j0^2 0 
^\tUkPt(0^^2 1 b^eff^*-iRi(-Sli-fllK:iai^$* 



r*3$. ^:(0i^^-e8tilE?i^^JS(i, mtmi7iifV 
■C, ±131, 2, Scov-rtbii^ro^feftTitSrMIH-S 

[0 0 4 4] ^oftit. cc?S!it^»J^J;H«, }R-^S 
2 0 -«©Rg«3tSr^*i < iii^^tti^<D%m^\cmm 

UT. ig-a-^?K2 0'^OMW3tfi:^#<-t«>-i:''<C<ft 
i!f:'j:3tmai4Srt><3^^/il55^^^ffl^K2 2 

[0 0 4 5 1 •T'i*?*). ±E$i5t:^)*l-*3ttSZfettSS 
O^ilBf ^^•?'<73 fRl t i o -CS^^ 5 0 

[ 0 0 4 6 ] E! 4 it%^omi^:^mcidi:ii>m^mS'P 
KUXfitt, -fett^^sK05J^-:14**l^<^®iRttLp tc«i 

[0 0 4 7] S«®{;i>tfL.-cfe5:^*e-r?^»lcfflv^-c 

Ap cos 9+ Ah 

[0 0 4 8] LfciiSoT. S:K®(:i*f1-'5ffit:S;i5o' 
Ap +Ah iW&Mci^) 

{csa:) . ■r*fc>*.e=9o' ^oi:twssi|s^^>^©l^> 

Ah (SiitX*ft'» 

[0 0 4 9] *UT. ■(at^/i57vyA/J:^i|s^^^?■©5 
[0 0 5 0] 

[Si:i] 

I'/' (Ap cosg+AH ) dfl 
it/'2 

= 2/!ir Ap +Aj, • (1) 

[0 0 5 1] ±ia*ffi0i)oS3it:tffi-^tt. ^s-^^ 
?«4'oSfe!|s|-^j-i^2 1 b im'&:i3\k\an$-m^y\^¥&\^ 
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A new method to form aligned liquid crystal droplets in a polymer matrix is proposed. A mutual orientation 
of droplet optical axis is caused by light-induced anisotropy in a polymer matrix. The influence of 
temperature and electric field on anisotropic properties of the system is observed and discussed. 



INTRODUCTION 

Investigations of liquid crystals (LQ, dispersed in a polymer rtiatrix are steady 
developing.* They are of interest for two reasons. First, polymer dispersed liquid 
crystals (PDLC) form a new class of heterogeneous sytems with a very developed 
surface and many new effects have already been discovered and still to be anticipated 
in future. Second, PDLC present materials perspective for fast large area flexible 

displays. . 

Hematic PDLC displays are mostly developed. This type of displays provides a 
reversible field induced transition from an opaque state to the transparent one. The 
mechanism of the switching is caused by electrically controlled refractive index 
matching of LC and polymer matrix. 

It has been outlined^ that characteristics of the opaque-transparent transition 
should be strongly dependent on a mutual orientation of the director in separate LC 
droplets. Indeed, the light scattering depends on the optical axis orientation with 
respect to the light polarization vector E. Therefore, the characteristics of transmitted, 
reflected and scattered light should be difierent for oriented and randomly arranged 
LC droplet dispersion. i i • 

Recently oriented LC droplets were obtained under the action of external electric 
or magnetic field on cooling the system heated previously up to the plastic state. • 
This method does not permit one to obtain the steady state system. The alignment 
deteriorates spontaneously after field switching off. 

In the papers'*-^ oriented dispersions were formed by stretching the polymer film 

295 



6NS0OCI0: <XP ^9e5024A_l_> 



296 



V. G. NAZARENKO ET AL. 



with randomly oriented LC droplets. In this case LC droplets are extended in the 
direction of stretching. 

In the present communications a new method to form aligned PDLC films is 
reported. We propose to use material with light induced anisotropy as a matrix. 
Some preliminary experimental results on film characteristics are presented. 



EXPERIMENTAL 

The modified polyvinylcinnamate (PVCN) synthesized from intermediate products 
of "Fluka" was taken as a material with light induced anisotropy. In this type of 
polymer, the anisotropy results from the occurrence of orientationally ordered 
chemical links between polymer chains under the action of polarized UV light.* We 
have recently shown that in films of this material the nematic alignment is planar with 
the easy axis directly perpendicularly to the light vector E„^.'' Thus, we hoped that 
UV illumination of the system would lead to the ordering of the LC droplets. 
Unfortunately, LC molecules dissolved in a PVCN matrix inhibited the photochemical 
reaction mentioned. 

The oriented dispersion was obtained as follows. The emulsion of PVCN dissolved 
in dichlorobenzene and a fluid (which is not soluble in the solvent for PVCN) was 
prepared with a shaker. Then the emulsion was spread onto a glass substrate and 
dried. In the case of water, a rigid polymer matrix with pores filled with water was 
produced. 

The glass plate with the layer was inserted into a vacuum chamber and water was 
removed. Then it was put in a vessel with nematic pentylcyanobiphenyl (clearing 
point 7^^32°C). Subsequently this system was illuminated by polarized UV light of 
a Hg lamp (the lamp power P„s 10 mW, exposure time £„^30min, the diameter 
of light spot in the plane of the film rf„= 10 mm). Optical birefringence points to the 
light induced anisotropy of the porous matrix. 

The oriented dispersion could be also obtained without preliminary removal of 
water. We noticed that water is expelled by LC, if the polymer is put into the LC 
and air is pumped out of the chamber. 

A dispersion obtained is shown on the photo, Figure I. The typical droplet size 
was in the range of 0.5-20 /im and strongly varied from sample to sample. An LC 
was aligned planarly in the droplets and they had a bipolar structure. LC droplet 
optical axes are chaotically distributed in the nonilliminated region. At the same time 
they are ordered in the illuminated region. The optical axes of LC droplets are 
predominantly alligned transversely to the polarization vector of UV light. We define 
this direction as a quasidirector d* of oriented droplet systems. 

The degree of LC droplet orientation can be described by order parameter S* of 
their optical axes which we defined as in the case of the order parameters of LC.^ It 
IS sufficiently high (5*^0.7) at room temperature and decreases monotonically with 
increasing temperature (Figure 2). If droplets don't interact with each other, the value 
S* is determined by interaction between a droplet and a polymer matrix. In initial 
state this interaction produces the degenerate planar orientation of an LC and it 
leads to the bipolar structure of director distribution dir) in the droplet volume. 
Anisotropy of the polymer matrix results in additional interaction between the LC 
at the droplet surface and the polymer matrix. We suppose that director distribution 
inside droplets doesn't change under UV-illumination and is described by vector 
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Figure 1 A photo of the liquid crystal dispersion in polymer. 



n = (n„/ig,n^) = (0,1,0) in the spherical coordinate system with Oz axis along the droplet 
axis. If the interaction potential has the Rapini form, then V = V/llL\{neYd<y, where 
W\% anchoring energy, e is the unit vector along the anisotropy axis induced in the 
polymer. Integrating over the droplet surface yields V = \I2W^ AnR'II^^X -h P2(cos^)), 
where /J is an angle between the droplet axis and the direction of the anisotropy axis 
of a polymer matrix, P2W-Legendre polynomial. Then for the order parameter S* 
we have 

5*= <P2(cos/?)> = - l/2-h3/4a'"(exp(a)//(a)- 1), 

where /(a) = jiexp(ax^)rfx, a= W^tiKV^T^ It is clear, that the temperaature dependence 
S(T) is determined by ratio WIT. In particular, if 5*^0.7, K^l iivn, T = 300K, we 
can obtain a reasonable estimation for anchoring energy of 10"^ erg/cm^.' 

It should be noted, that a characteristic temperature T* < 7^ exists, where parameter 
5* decreases sharply while no drastic change in the value of the matrix birefringence 
is observed (see Figure 2). This phenomenon is not clear and worth to be studied in 
future. Another reason for droplet axis orientational order may be their long distance 
interaction through a matrix. In this case the order parameter must depend strongly 
on the droplet concentration. 

As is expected, light scattering in the obtained system depends dramatically on 
light polarization (see Figure 3), because of two main factors. First of all, the difference 
of refractive index of a matrix and effective refractive index n of droplets depends 
on the E-vector direction. In our case, the magnitude of the is close to the value 
- of refractive index for ordinary light beam v/hile the difference between n^^ and 
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Figure 2 The temperature dependence of order parameter. 
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Figure 3 The dependence /j.//;, on U. 



refractive index for extraordinary beam is much more than /i^ — no- Thus, light 
scattering for the polarization £*||d* should be stronger than for E^\\d*. 

Tu^ e^z-r^nH fcknff\r ic rrinrtprfpH with ^ <itrong denendencc of light scattering, caused 
by LC director fluctuation, on the vector £ orientation. It is well known that 
ee-scattering is much stronger than oo- or oe-scattering.® Thus, the scattering of the 
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£^ beam must be considerably stronger than that for the beam. Hence, both the 
factors lead to the scattering greater for £^ polarization, as can be seen from Figure 3. 

Under electric field, optical axes of droplets reorient normally to the glass plates, 
that is along the propagation of a light beam. The matching of and values and 
transparency for the e-polarized beam are improved with increasing voltage and the 
transparency for the o-beam virtually does not change. As a result, ratio /x/^ii is 
reduced v^ith increasing voltage (/^ and /,| are intensities of not scattered beams, 
passed through the cell and polarized along and transversely to the direction d*, 
respectively. Figure 3. 

It should be noted, that previous results concern the polarized light. If randomly 
polarized illumination v^as used, both scattered and transmitted beams became 
polarized. 

CONCLUSION 

In conclusion, it was shown, that the effect of light-induced anisotropy can be 
successfully applied to control a mutual alignment of liquid crystal droplets in a 
polymer matrix. In our opinion, the proposed method is perspective for obtaining a 
stable orientation of droplets without stretching a matrix. As a result, not ellipsoidal, 
but quasispherical droplets have been produced. In addition, the method allows one 
to fabricate regions with different direction d* in different areas of a dispersive film. It 
can be applied to optical information recording and observation of some interesting 
visual effects in PDLC-systems. One more fascinating feature of the proposed 
technique is a principal possibility to control parameter S* and anchoring energy by 
a change in light intensity or exposure time. 
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A TECHNIQUE TO ALIGN LIQUID CRYSTALS BASED ON 
BULK-INDUCED PHOTO-POLYMERIZATION 
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Dr. K.S. Krishnan Road. New Delhi-110012, 
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Abstract A technique based on bulk-induced alignment of liquid crj'Stals 
by photo-polymerization to produce uniform planar and homeotropic 
oriemaiion of liquid cr>'stals is presented. The liquid cr>staI-photopolymer 
mixture is cured with linearly polarized UV-!ight in the isotropic phase. This 
technique obviates the need to give any special treatment to the bounding 
substrate and as such is independent of the nature of the substrate. This has 
given rise to possibilities of using liquid crystals for storing information with 
a high degree of spatial resolution of 10-20Mm and has been used to generate 
patterned orientation of liquid crysuls. 

The homeotropic alignment in the smectic C phase has opened up new 
possibilities to make storage displays. The surface saidies of the 
photopolymer aligned substrate with a Scanning Tunneling Microscope 
suggest that the surface modification dominates the alignment of liquid 
crysuls. 



INTRODUCTION 

Uniform alignment of liquid crystals has been a subject of intensive research 
investigations during the last more than two decades. The subject is essential and 
interesting for both basic studies as well as for device applications. A variety of 
techniques have been developed and commercialized to produce uniform orientation 
of liquid crysuls. Most of these techniques are based on surface modification of the 
substrate which can be produced by i) angular deposition of dielectric maleria!s^ ii) 
thermal polymerization followed by buffing^, iii) organosilane coaling^ iv) lecithin 
coating, y) photo-polymerization-*"' etc. All these techniques are based on complex 
anisotropic surface anchoring interactions. Recently reponed new techniques based 
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on photo-polymerization have stimulated considerable research interests due to their 
unique feature in providing the capability to control and vary the macroscopic 
orientation direction of liquid crystal molecules locally within a plane. This has 
opened up new possibilities to make complex hybrid liquid crystal displays for dau 
storage with a high degree of spatial resolution. We wish to report below a new 
modified technique to promote uniform planar and homeotropic orientation of liquid 
crystals based on bulk-induced photo-polymerization. This technique has been used 
to record patterns with a high degree of spatial resolution on liquid co'Stal cell 
without resorting to etching of the electrode patterns on the bounding substrate. 

The homeotropic aligned smeciic C cell by this technique has been shown 
to exhibit storage capability by application of appropriate low frequency electric field 
and subsequent heating to smectic A phase. The imaging of liquid crystal molecules 
adsorbed on surface of a photo-polymer aligned substrate with a Scanning Tunneling 
Microscope has revealed interesting results and strongly suggests that the surface 
modification dominates the alignment of liquid crystal rholecules even in the present 
case. 



EXPERTMFNTAI 

Cleaned glass substrate without any previous surface treatment were used to make 
a liquid crystal cell. The cell thickness was controlled by glass/polymer spacers of 
a desired thickness(4-10Mm). A number ofliquid crysul mixtures exhibiting nematic 
smectic and chiral tilted smectic phases were used. A small amount (0.1-1.0% by 
wt.) of the photopolymer. poly-vinyl-methoxy cinnamate (PVMC) was added to the 
liquid crystal mixture and a uniform solution was made in chloroform which was 
subsequently allowed to evaporate completely. The mixture was filled into the 
sandwich cell m its isotropic phase. The cell was cured with linearly polarized UV- 
light (X - 320-420 nm) using a Xenon lamp or a metal halogen lamp . A Glan prism 
polarizer from Bemhard Halle, Berlin was used as a UV-linear polarizer The light 
intensity was -3-10 mW/cm' and the curing time was 5-30 minutes. The cell 
temperature was maintained at > lO'C above the clearing temperature during curing 
by an Instcc Hot Stage. A Leitz polarizing microscope along with a photomultiplier 
setup and a digital storage oscilloscope were used to shidy the alignment and electro- 
optical properties of the aligned cells. Electrical signals were generated using a 
fiinction generator (Hewlett-Packard 3312A) coupled with an amplifier (Krohn-Hite 

The STM smdies were performed with a commercial Nano.«:ope n (Digital 
Instruments, Inc.). The STM was operated in the constant current mode The 
nmneling conditions were typically 0.2-1.0 nA (ninneling current) and 200-1500 mV 
(tip negative bias). 
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RESULTS AND DISCUSSION 

Well aligned planar cells could be obuined by curing ihe liquid crystal-photopolymer 
mixture with linearly polarized light well above its clearing point (>10*C). The 
quality of the alignment was checked by rotating the cell between crossed polarizers 
and under a polarizing microscope. The preferred macroscopic orientation of the 
liquid crystal molecules in the nemaiic phase was determined by tilling the cell 
under a polarizing microscope between crossed polarizers. The lilting of the planar 
oriented cell results in birefringence, unless the director is aligned parallel to one of 
the polarizers and parallel to the tilting axis. The macroscopic orientation direction 
of the liquid crystal molecules is perpendicular to the polarization direction of the 
UV-light. The orientation direction is more easily identifiable in planar oriented 
smectic phases by the direction of the fan shaped texture. We could produce by this 
technique, unifonnly aligned planar oriented cells using different liquid crystal 
mixtures exhibiting nematic, smectic and chiral smectic phases. The cell could be 
easily switched by appropriate voluge. pulses in the nemaiic and chiral smectic C 
phases. The switching characteristics of the nematic cells prepared by photo- 
polymerization and prepared by the conventional nibbing technique were quite 
similar. However, there was a lowering of the nemaiic- isotropic transition 
temperature by a few degrees by doping with phoio-polymer. The electro-optical 
response of the LC cells in chiral tilted smectic phase (Sc*) prepared in this manner 
and in conventional manner were qualitatively identical. Figure I(a,b) show the 
variation of the spontaneous polarization as a function of temperanire and switching 
limes as a ftmction of voltage, respectively, of two cells containing ZLI-3654 
mixture (K -<-30«C - Sc" -62«C -76^0 Ch -86^0 Iso) prepared by 
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Figure 1(a) Variation of spontaneous polarization with temperature 

and (b) variation of switching time with applied voltage. 

conveniionai sunace alignment technique using a rubbed polyimide layer and by 
bulk-induced alignment using PVMC (0.8% by weight). The spontaneous 
polarization and the switching times are nearly identical in the two cases. Figures 
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2 & 3 show the variation of contrast ratio as a fiinction of applied voltage and 
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Figure 2 Variation of contrast ratio of poly imide rubbed eel J and photo- 
polymer aligned cell containing ZU-3654 mixture as a 
function of the applied voltage. 
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Figure 3 Variation of the contrast ratio of polyimide rubbed cell and 
photo-polymer aligned cell containing ZLI-3654 mixture as a 
function of temperature. 

l^r^nT ^l' '^^ is much lower in the cell 

prepared by photo-polymerization than the one prepared by conventional rubbing. 
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Panem .Srorage By R ii llr - in duced Phm^poivmeri/afinn 

TTiis ahgnment technique has been used to store patterns optically on a liquid crystal 
ce K The pattern to be stored is made on a photomask. T^e neiJa.ic liqJid cry^S 
fK)Iymer cell was exposed with linearly polarized UV-light through the photSk 
till the polymerization is complete. Subsequently, the polarizing prism was routed 
through an angle of ±45' and the cell was exposed with polarizfd U^^light tJJougJ 

orientation direction of the liquid crystal molecules. The liquid crystals beL 
birefringen . they produce optical contrast when viewed between a^proprSv 
oriented polarizers. Figure 4 shows one such pattern recorded by thTs tecS quT S 




Figure 4 Photograph of a pattern stored optically on a liquid crystal cell 
by bulk-induced photopolmerization. See CoJor Plate IV. 

S'Jr^^D T'*^ ^'^^ ^ ^0-^0^^) and the stored pattern has a long 
memory. Recorded patterns have not shown any visible decay for more than a yeaf 

caSeVout'^i' r'??"" ''''""^ ""^^ Uviposurrhas not S 

tZl cen filled with liquid crystal-polymer mixture by curing the cell with 
polanzed light with its polarizing axis rotated through an angte of ±45- with lisS 
to the planar orientation direction. respect 



HOMFOTPrt PlC AT Tr.i^M *'^^'^ 

Srofn!^lL"-^"r'' homeotropic cells could also be produced by bulk-induced 
cHiT kT homeotropic alignment was produced when the liquid 
^r7ncfr ? '"•''"''^ ^'^^ a degrees above the isotropic 
rrn«LT" 'emperaturc of the nematic. The homeotropic cell appears dark between 
crossed PO'anzcrs and do not show any variation in transmission under rotation 
oeiween them. The homeotropic alignment was also checked by rotating the cell 
er a pcanzing microscope and with conoscopic investigations. Figure 4 shows 
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the micrographs of a homeotropically aligned cell containing liquid crystal mixture 
[ZLI-2711CPYP-709)80% + A-7(racemate)20%] and 0.5% PVMC with the 
following phase transition (K-«43''C-Sc54»C-»Sa-58'C N-^6°C I) at 53 "C. 




Figure 5 Micrographs of a homeotropically aligned cell in Sc phase: 
*-(a) 0°. (b) 45", and (c) scattering state with electrical 
voltage (20V. 100 Hz). See Color Plate V. 

Storage F.fferj 

On application of a low frequency voltage signal in the S^ phase, the cell goes into 
a scattering slate (Fig. 5c) and on voltage removal the scattering state persists The 
scattering state returns to homeotropic state on heating into phase and persists on 
cooling into Sc phase (Fig5b). This principle can be used to selectively energize the 
selected areas in to scattering state which persists even on field removal and the 
original state can be regained by heating the cell into the S. phase. The detail 
experiments are underway. 

ALIGNMENT MF.rHAVl^Kf 

It was thought that the uniform, alignment in the photo-polymerization based cell 
couia arise due to formation of an anisotropic polymer net work in the bulk/ or by 
surface modification of the substrate by the photopolymer as reported by Schadt et 
al. In order to elucidate on this, a planar oriented cell obtaineu by bulk-induced 
photo-polymenzation was opened up and the glass substrate were cleaned carefully 
L'^f . f ^'^''^ ensuring that their molecular structure was not disturbed 
or modified by cleaning. On re-assembling the cell with such a pair of glass plates 
and filling It with a pure liquid crystal mixture, produced uniformly aligned planar 
cell, which was identical to the bulk-induced planar cell. This procedure could be 
repeated^several times. It is obvious, that the alignment in subsequently cleaned cells 
is causeu uy inc surfaces of the substrates as the filled liquid crystal mixture does 
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not contain any photopolymer. The formation of the anisotropic polymer network 
in ihe bulk in the subsequent cell is ruled out. It was reasonable to conclude that 
an ultra thin layer of the anisotropic polymer network gets deposited on the glass 
substrate during photo-polymerization. To check on this hypothesis, the Scanning 
Tunneling Microscope studies were carried oui.^ A small amount of liquid crystal 
PCH-5 was transferred on one such conducting optically flat glass plate and was 
heated to isotropic transition temperature (55°C) for five minutes and then slowly 
cooled down to room temperature. A Pt-Ir lip was brought close to the liquid crystal 
and carefully driven into the tunneling range. The STM was operated in constant 
current mode. 

The adsorbed liquid crystal molecules on the glass substrate were observed 
to form ordered arrays of molecules over large areas (Fig. 6), The liquid crystal 




Figure 6 A 6*6 nm STM image of PCH-5 molecules on indium oxide 

coated glass substrate with a ultra thin layer of PVMC 
deposited by bulk-induced photo-polymerization. See Color 
Plate VL 

molecules exhibit in addition to a long range orientational order, a high degree of 
positional order which is absent in the bulk. 

The ordering of the liquid cr>'stal molecules on the conducting glass substrate can 
be caused only by the anisotropic polymer net work on the glass surface. These 
smdies lend support to the hypothesis that the surface modification of the substrate 
during photo-polymerization leads to the alignment of liquid crystal molecules. 

CONCLUSIONS 

A new technique based on bulk-induced photopolymerization to produce planar and 
homeotropic alignment has been developed. The planar orientation technique has 
been used to store patterns optically with a high degree of spatial resolution, t he 
homeoiropically aligned cell in the S^ phase could give rise to new iyp>e of storage 
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displays. The subsequent planar cells obtained after cleaning the glass substrate and 
STM studies on them strongly suggest that even in the bulk-induced photo- 
poly merization technique, the surface modifications dominate the alignment 
mechanism. 

ACKNOWLEDGEMENTS 



We would like to thank Prof. V.G. Chigrinov, Moscow for supplying the photo- 
polymer. This work was supponed by the Deutsche Forschunggemeinschaft (Sfb 335 
and 446 IND-112) and the Indian National Science Academy. India. One of us, SCJ 
is also grateful to Prof. E.S.R. Gopal, Director, N.P.L. for his constant 
encouragement for this work. 



REFERENCES 

1. L.Janning, Appl. Phys. Lett. 21 . 173 (1972) 

2. T. Sugiyama, S. Kuniyashu, D. Seo, H. Fukuro, and S. Kobayashi. Jpn. J. Appl. 
Phvs. 29 . 2045 (1990) 

3. F.J. Khan. Appl. Phvs. Lett . 22, 386 (1973) 

4. M. Schadt, K. Schmiii, V. Kozinkov, and V. Chigrinov, Jpn. J. Appl. Phys . 31, 
2155 (1992) ' 

5. W.M. Gibbons. P.J. Schannon. and S.T. Sun, SPIE 1665 . 184 (1992) 

6. S.C. Jain and H.S. Kitterow. Appl. Phys, Lett. 64, 2946 (1994) 

7. S.C. Jain and H.S. Kitzerow, Jpn. J. Appl.Phys. 33, L-656 (1994) 

8. S C. Jain. K. Rajesh, S.B. Samanta, and A.V. Narlikar, Appl. Phys. Lett. 67, 
1527 (1995) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 



LT IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ] ' 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




